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I 
Sommario  
Negli ultimi anni la ricerca nel settore della propulsione aerospaziale ha rivolto la 
propria attenzione allo sviluppo di nuovi materiali energetici, capaci di migliorare le 
prestazioni del propellente, in termini di impulso e velocità di combustione, senza 
ridurne la vulnerabilità e la processabilità. In questo contesto, fra le numerose 
possibilità di sviluppo attualmente considerate, i “leganti energetici” sono divenuti 
oggetto di progressivo interesse. 
Il presente lavoro di ricerca è consistito in uno studio completo e approfondito di 
nuovi leganti polimerici energetici. Nella prima parte del lavoro, è stato necessario 
selezionare la via sintetica più vantaggiosa, considerando la sicurezza come il 
principale fattore discriminante tra le diverse strategie prese in esame. Tale 
impegno ha necessariamente implicato lo studio dettagliato della sintesi di pre-
polimeri azidici su piccola scala, che ha condotto alla selezione del copolimero 
GA/BAMO 75/25 e del pAMMO come possibili sostituti dell’HTPB legante, e della 
strategia di polimerizzazione/azidazione come miglior compromesso tra efficacia e 
sicurezza della sintesi. 
Successivamente sono state affrontate le principali problematiche connesse sia 
alla reazione di polimerizzazione che alla successiva azidazione, con particolare 
attenzione circa il controllo delle funzionalità terminali del polimero e delle specie 
oligomeriche formatesi durante la polimerizzazione, e della cinetica di azidazione. 
Una volta ottimizzati tutti questi aspetti, abbiamo effettuato lo scale-up di entrambe 
le sintesi, in modo tale da avere materiale sufficiente per procedere ad una prima 
caratterizzazione applicativa di propellenti a base di leganti energetici. 
Infine, sono state determinate le proprietà meccaniche, reologiche ed energetiche 
di un propellente a base di GA/BAMO come matrice legante. 
Abstract 
In the last years, the research in the field of the aerospace propulsion paid 
attention to the development of new energetic materials, able to improve the 
performances of the propellant in terms of both impulse and burning rate, without 
reducing its sensitivity and processability. Thus, the “energetic binder” 
progressively became an interesting option among the possibilities of development 
considered until now. 
The present work consists in a full and detailed study about new energetic 
polymeric binders. As a first step,, the most suitable synthetic route was selected, 
taking into consideration the safety of the process as the main aspect in the choice. 
Such engagement implied a detailed study about the synthesis of azido pre-
polymers on small lab-scale, which led to the selection of the copolymer GA/BAMO 
75/25 and of pAMMO as possible substitutes of HTPB binders; moreover the 
polymerization/azidation route was chosen as the best compromise between 
efficacy and safety of the synthesis.  
The main problems about the polymerization and the azidation were faced in 
particular by mean of the control of the end-functionalities of the polymer and of the 
amount of oligomers formed during the polymerization, and of the kinetic of the 
azidation. 
Once all these aspects were optimized, both the syntheses were scaled up to 
produce enough material for a first applicative characterization of propellants based 
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on energetic binders. Finally, the mechanical, rheological and energetic properties 
of the propellant based on GA/BAMO pre-polymers were determined. 
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1  INTRODUCTION 
1.1 Rocket propellants 
Propellants are mixtures of chemicals able to develop, when fired, a large volume 
of gases at high pressure and temperature at controlled and predetermined rate 
without the need of added oxygen. 
They have application in launch systems of military or civil rockets and their 
formulation is strictly linked to their intended performances. Concerning the 
technology of civil rocket propellant, they can be classified as liquid, solid or hybrid 
propellants. The European space-launcher, Ariane 5, for instance, owns two 
boosters filled with solid propellant while three engines, supplied with liquid oxygen 
and hydrogen stored in two separated tanks, are in the central missile. The 
boosters are usually employed in the first step of the launch, when a maximum 
impulse is required; on the contrary, the “liquid fuel” engines work for longer firing 
duration and more precise operations. 
Propellants are also used wherever a well-controlled force must be generated for a 
relatively short period of time: for this reason, they can be employed in special 
devices,  such as aircraft engines starters or in pilot-ejecting systems. 
1.1.1 Liquid propellants  
In contrast to solid propellants, which are directly stored in the combustion 
chamber of the missiles, liquid oxidizer and fuel are injected into the engine from 
separate storage tanks, thus allowing longer firing and intermitted operations since 
the combustion can be stopped and started at suitable intervals by regulating the 
propellant flow. In addition to fuel and oxidizer, a liquid propellant may also contain 
a catalytic agent to speed up the rate of reaction. 
Suitable characteristics of a liquid propellant are listed below: 
• Availability of raw materials; 
• High heat of combustion per unit of propellant mixture to give a high 
chamber temperature; 
• Low molecular weight of the gaseous products; 
• Low freezing point, allowing a wide range of operation conditions; 
• High density, allowing lower volume of the tanks and the combustion 
chamber; 
• Low toxicity and corrosiveness; 
• Low vapour pressure and suitable stability. 
Actually, any liquid propellant is able, to some extent, to satisfy all these 
requirements together; the best compromise is the employment of the liquid 
mixture of oxygen and hydrogen, because of its high specific impulse (341 s), the 
wide availability of the raw materials and the easiness of manufacture; even if the 
specific impulse of the liquid mixture fluorine/hydrogen is higher (410 s), fluorine is 
just rarely employed as oxidiser because of the higher corrosiveness of both the 
mixture itself and the combustion product (fluoridric acid). 
1.1.2 Solid propellants 
Solid propellants are composite materials comprising a fuel and an oxidiser, kept 
together by an elastomeric network, generally a cross-linked polymer, which 
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provides the mechanical properties required in launchings and in the environmental 
conditions experienced in storage, shipment and handling. Moreover, such binder 
acts as a fuel, by reacting with the oxidizer. Ammonium perchlorate and aluminium 
are the most common oxidizers and fuel, respectively; the binder is usually based 
on polyurethanic derivatives of liquid, low molecular weight polybutadiene. Many 
other substances may be added to the solid mixture on the basis of the specific 
application of the propellant, including metallic fuels, plasticizers, stabilizers, 
catalysts, ballistic modifiers, explosives. 
1.2 Component characteristics of a composite propellant 
1.2.1 Oxidizers 
The characteristics of the oxidizer affect the ballistic and the mechanical properties 
of a composite propellant as well as its processability. Oxidizers are selected to 
provide the best combination of available oxygen, high density, low heat of 
formation, and maximum gas volume produced by reaction with the fuel. A higher 
oxidizer content increases the density, the adiabatic flame temperature and the 
specific impulse of the propellant. 
As previously mentioned, the most common inorganic oxidizer employed in 
composite propellants is ammonium perchlorate (AP) which has a high density and 
a suitable burning rate. However, its combustion products contain HCl, 
environmentally unfriendly and corrosive. The burning rate of AP is also affected by 
its particle size; however very finely divided AP is more sensitive to impact and 
friction and the presence of hydrocarbons greatly increases the likelihood of 
detonation. 
Ammonium nitrate (AN) is used in special cases only, i.e. when a slow burning 
propulsion is required, since it undergoes several phase transitions which decrease 
the burning rate; moreover, it must be stored in a moisture-free environment, 
because it is highly hygroscopic. 
Finally, nitramines such as RDX or HMX may also be used for maximizing the 
specific impulse of the propellant. 
 
Oxidizer Available 
Oxygen 
Melting 
Point 
 (°C) 
Density 
(g/cm3) 
Heat of 
formation 
(kJ/mol) 
Heat 
Capacity 
(J/mol*K) 
Gas 
(mol/100 g) 
KClO4 46.0 368 2.53 -433.4 112.5 0 
NH4ClO4 34.0 dec 1.95 -290.3 128.0 2.55 
NH4NO3 20.0 169 1.72 -365.2 137.2 3.75 
LiClO4 60.6 236 2.43 -368.6 104.6 0 
 
Tab. 1.1- Properties of some inorganic oxidizers.[Kirk, Othmer 2000] 
1.2.2 Fuel  
Aluminium particles are commonly used as fuel in solid propellants, because of 
their highly exothermic reaction with the oxidizer. In fact, materials as aluminium 
hydride, beryllium hydride and boron would theoretically have the advantage of 
higher impulses, but they aren't used because of their high cost, toxicity and long-
term instability. An increase of aluminium content in a propellant increases its 
density; the flame temperature and the specific impulse sharply approach a 
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maximum near the stoichometric ratio metal/oxidizer/binder. The oxidation product 
of aluminium is Al2O3, unsuitable if the propellant has military application due to its 
white signature. 
1.2.3 Binder 
Composite propellants are broadly classified in terms of the used binder which has 
a fundamental effect on the stability properties of the propellant. The most 
commonly used binders are pre-polymers that are chemically cross-linked during 
the curing process. The degree of cross-linking must be controlled to provide 
polymer strength at elevated temperature, while allowing the required elasticity at 
low temperature. 
The elastomeric behaviour of the binder can be controlled by choosing pre-
polymers of suitable chemical and physical properties, such as: 
• Low glass transition temperature (Tg<-35 °C); in this way, the chains have 
weak cohesion strengths at room temperature, thus granting an optimal 
visco-elastic behaviour; 
• Low degree of cristallinity; in this way, the macromolecules have a greater 
entropy which gives more elasticity to the final rubber; 
• A sufficient concentration of end-functional groups capable of reacting with 
the curing agent. 
A large number of polymeric compounds have been investigated, but most modern 
propellants usually utilize pre-polymers that own OH end groups, such as HTPB 
(hydroxy-terminated polybutadiene), which are cured by reacting with poly-
functional organic isocyanates. Thus, the mechanical properties depend on the 
concentration of crosslinks and dangling chains which can be regulated by a 
suitable ratio NCO/OH.  
Binders must be fluid pre-polymers even when loaded with 80-90 wt% of solid filler 
(fuel and oxidiser); they must not react with such crystalline fillers or other 
components and should polymerize or cross-link without the formation of gaseous 
reaction products. Moreover, binders must be chemically and physically stable over 
long periods of time under severe environmental and operational conditions. They 
must form a durable and tough coating around the oxidizer and the fuel and be 
capable of adhering to the interior wall of the motor. 
1.2.4 Plasticizers 
Plasticizers are added to the binders to improve their processability and flexibility at 
low temperature. The plasticizer must have a very low melting point, dissolve in the 
polymer and, if possible, provide a contribution to the specific impulse of the 
propellant. Typical compounds used with HTPB binders are isodecyl pelargonate, 
diisoctyl adipate and dioctyl azelate (DOZ). Recently, some high energy 
plasticizers have been designed to increase the energy level of the propellant; 
typically, nitrato- or nitro-esters that have been investigated include nitroglycerin, 
butanetriol trinitrate and bis(dinitropropylethyl) formal. Unfortunately, many of the 
high energy plasticizers also tend to increase the propellant sensitivity. 
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1.3 Selection of a solid and composite propellant 
1.3.1 Energy 
The selection of a rocket propellant involves two main considerations: the total 
amount of energy required and the mass rate at which the produced hot gases 
must be delivered to meet system performance requirements. In particular, the 
energy delivered per unit mass depends on the chemical energy of the propellant 
components, the characteristics of the products of combustion, the chemical 
equilibria that prevail among the reaction products and the efficiency with which the 
system converts thermal energy to kinetic energy. 
The highest energy propellants produce the largest volume of gas per unit weight 
of propellant at the highest flame temperature. The selection of propellant 
composition for maximum performance focuses on high density compositions that 
form highly exothermic low molecular weight combustion products, stable and with 
minimum dissociation at rocket operating pressures. The energetic content of a 
propellant can be expressed by its “Volumetric Impulse” that corresponds to: 
vol spI I d= ⋅  
where Isp is the specific impulse and d the density of the propellant. The specific 
impulse is theoretically calculated from the chemical composition, the enthalpy of 
formation and the density of the ingredients and fixing some physical conditions as 
chamber and exit pressure, nozzle throat and exit area. 
Taking into account the fundamental flow equations and using the law of 
conservation of energy, assuming an isoentropic expansion of the combustion 
gases, the specific impulse can be expressed as: 
0
1 C
sp
R TI
g MW
⋅
= ⋅   
where R is the universal gas constant, TC is the chamber temperature, MW the 
molecular weight of the combustion products, and g0 the gravitational acceleration 
of the earth. 
This quantity is strictly correlated to the propellant composition and, in particular, is 
directly proportional to the aluminium content and inversely proportional to the 
binder. The energetic output of the combustion of HTPB is negligible, with respect 
to that of the redox reaction between aluminium and ammonium perchlorate. As for 
the specific impulse, the density is related to the composition, taking into 
consideration the different densities of the constituents of the propellant 
(Al<AP<HTPB).  
The volumetric impulse of a solid propellant of typical composition (AP=68 wt%, 
Al= 18wt%, HTPB= 14wt %) for Ariane 5 is about 465 g·s/cm3.[D’Andrea, 1995]. 
The 20 wt% limit for the aluminium is due to the fact that no more oxidiser is 
available for the redox reaction over this limit; the lower limit for the binder content 
(10 wt%) is suggested by the mechanical properties degradation below this value. 
1.3.2 Burning Rate 
The burning rate is the rate at which energy is produced and it depends on the 
intrinsic burning characteristics of the propellant, its burning surface area and the 
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operating pressure and temperature. The control of the burning surface is usually 
obtained by using appropriate grain geometries (Figure 1.1); in fact propellants 
burn in parallel layers, so that the surface recedes in all directions normal to the 
original surface. In this way the variation of the burning rate is proportional to the 
variation of the burning surface. 
 
Fig.1.1-.Effect of grain shape on pressure-time traces of rocket propellants. Cross 
section of grains are shown. 
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Usually, for the same propellants family and at a constant temperature, the 
relationship between the burning rate and the pressure can be expressed as: 
nv a P= ⋅  
Where a is a geometric constant and n the exponent. 
The burning rate of a composite propellants is directly proportional to the oxidizer 
surface, therefore the control of the burning rate is possible by choosing an optimal 
particle size of the oxidizer. 
The range of acceptability of the burning rate for a typical Ariane 5 propellant, 
based on HTPB, is between 6 and 9 mm/s for pressures in the range 30-70 bar. 
1.3.3 Mechanical properties 
Rocket grains must have adequate mechanical properties to withstand the stresses 
imposed during handling and firing. Thus, the mechanical properties can be 
considered the most relevant for the motor design, because they affect the grain 
structural integrity during its entire life-time, including the storage, the ignition and 
the burning. 
Considering a typical stress-strain curve, obtained by a tensile test and using a 
JANNAF specimen, the zone of elasticity  is limited, followed by a zone of viscous-
elasticity until the breaking of the specimen occurs. As known in the range of 
elasticity, the relationship between stress σ (MPa) and elongation ε(%) is: 
E σ
ε
=    
where E (MPa) is the modulus and it is graphically represented by the angular 
coefficient of the first segment (Figure 1.2). Other significant parameters are the 
stress and the strain at maximum at the breakage, where a fast decreasing of the 
curve occurs.  
The development of high energy rocket propellants emphasizes maximum 
toughness and low shock and impact sensitivity. The mechanical properties mainly 
depend on the characteristics of the binder, the percentage of solids present and 
the particle size distribution of the solids. 
Thus the mechanical properties can be controlled, within some limits, by varying 
the ratio pre-polymer/curing agent, and choosing a suitable type and amount of 
plasticizer. Figure 1.2 shows the propellant trends to lose elongation and gain in 
modulus by reducing the amount of binder. 
 
  
 
7 
 
 
Fig. 1.2- Mechanical properties of propellants with different contents of binder. 
1.3.4 Rheology 
The rheology investigates the flow characteristics of the propellant, analyzing its 
viscous-elastic properties from the uncured to the completely cured status. As the 
flow characteristics of each material interact with all the process parameters, a 
complete knowledge of their rheology for an optimization of the whole 
manufacturing process is necessary. As previously discussed, the curing of the 
pre-polymer is achieved by an isocyanate responsible, together with the catalyst 
and the temperature, of the curing rate which must provide the following  features: 
• Easiness of the casting of the liquid propellant before the cure; 
• Absence of defects in the bulk of the propellant. 
Moreover, the removal of defects, such as bubbles or voids, is usually achieved by 
vacuum. 
The kinetic of propellant curing can be investigated by three techniques: 
• Rheometric acquisition versus time, with the complex modulus G* as out-
put; 
• “Brookfield” viscosity; 
• Hardness. 
While the rheometric acquisition covers all the curing range, the “Brookfield” allows 
to investigate just the cure up to a viscosity of 6000 Pa*s. The follow on of the 
curing can be checked by hardness measurements, until a constant value is 
reached when the cure is finished. 
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1.3.5 Signature-Environment 
The main responsible of the signature are the primary smokes, produced during 
the propellant combustion. These smokes are constituted by solid Al2O3 particles 
whose amount is directly related to the aluminium content in the starting 
formulation. Obviously, the signature problem regards only propellants for military 
destination, and the civil technology of propellants is not interested by this effect. 
Another contribution to the visible signature is due to the condensation of some 
gaseous emissions (“secondary smokes”, mainly HCl from AP reduction). The 
effect of such “secondary smokes” on the environment is not negligible, since a 
high concentration of HCl in the atmosphere plays a significant role on the ozone 
reduction and acid rains. 
1.4 Evolution of the solid propellant technology 
The state-of-art solid propellant technology, based on the use of a polymeric binder 
(usually hydroxy terminated polybutadiene HTPB), aluminium as fuel and 
ammonium perchlorate as oxidizer takes its first steps back to 1950 or before. 
These propellants meet all the current requirements for high energy, relatively good 
safety, well-known mixing process, appropriate burning rate and relatively low cost. 
Despite this convenient status, a large number of modifications of such base 
formulation have been done during the last years, in order to improve the 
propellant performances and to tailor them for new motor designs. 
Today the control of the burning rate is gained by varying the size of the 
ammonium perchlorate particles, the driving of the curing kinetics by employing 
specific isocyanates and catalysts, the optimization of the mechanical properties by 
regulating the isocyanate-polymer ratio and by adding several kinds of plasticizers 
and the reduction of signature by decreasing the aluminium content. Obviously, it is 
not always possible to obtain the best for all characteristics, but some 
compromises are necessary, mainly with respect to energy and mechanical 
properties. 
Anyway, the present borders of the solid propellant technology are traced by the 
employment of materials whose performances are well-known, but often unsuitable 
to satisfy the requirements always more stringent and ambitious, mainly concerning 
the increasing of the specific impulse or the environmental impact of the 
combustion gases. In this scenery, a fundamental role will be played by the study 
of new ingredients able to give suitable and improved properties to the propellants 
of next generation. 
1.4.1 Clean Propellants 
The combustion of the composite propellants containing ammonium perchlorate 
produces large amounts of chlorinated pollutant agents, mostly HCl. In the next 
future, the environmental aspect could play a relevant role, as driving force for the 
qualification of a new and clean propellant family, in connection with the 
development of commercial aerospace launchers and the use of large motor size 
for booster application. In this view, the substitution of ammonium perchlorate (AP) 
with ammonium nitrate (AN) seems to be the most promising guideline in the near 
future. 
AN is suitable for environment consideration, having no chlorine in the molecule, 
but its use induces a significant (8%) energy loss, due to its intrinsic lower 
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properties in the specific impulse and density. Further problems correlated to the 
use of AN are relevant to its slow burning rate and crystalline phases instability, 
requiring thermal stabilization process with significant increment of costs. 
Part of these problems could be solved now introducing energetic binders in the 
AN base formulations [Menke, 1996]. In fact, the energetic properties of these new 
binders should allow a partial recover of performance in burning rate and 
volumetric impulse. 
1.4.2 Higher energy propellants 
With reference to the volumetric impulse of a standard composite propellant, equal 
to 465 g·s/cm3, the improvement of the energetic content of a solid propellant 
seems to be possible optimizing the following: 
• Synergy with the explosive technology; [Mathieu and Stucki, 2004] 
• Energetic binder use; 
• New energetic oxidisers. [Pagoria, 2002] 
For the synergy with the explosive technology, it consists mainly in adding to the 
base formulation growing amounts of nitramines, such as HMX or DNAM [Simoes, 
2001] in substitution of an equivalent part of oxidiser and fuel. The main advantage 
of HMX is the intrinsic energy developed during its decomposition, while the 
contribution to redox reactions (as fuel) results negligible. Unfortunately, the use of 
HMX increases the sensitivity of the propellant, aspect that would impose large 
investments for the plants in terms of buildings, equipments and protections for 
manufacturing, storage and shipping. 
More appreciable energetic improvements are achievable by the use of energetic 
binders in substitution of HTPB, such as azide polymer derivatives (i.e. glycidyl 
azide polymer GAP) or polyoxetane derivatives (i.e. poly-glycidyl nitrate pGLYN or 
poly-3-nitratomethyl-3-methyloxetane pNMMO). This improvement is related both 
to the presence in the polymers of energetic groups (as azide or nitro groups), able 
to exothermally decompose at high temperatures, and to their higher density. In 
detail, the foreseen increases are estimated to be about 2% and 5% for the specific 
impulse and density respectively, for a total 7% for the volumetric impulse (Figure 
1.3). 
Although the energetic gain of propellant formulations with energetic binders is 
appreciable, an appropriate optimization of all the performances previously 
discussed should be made before these materials can meet real application in 
aerospace propulsion. In fact, concerning the rheology, preliminary tests showed 
difficulties to obtain good kinetics of polymerization with conventional curing 
systems. Another area of investigation concerns the mechanical properties of 
energetic binders whose performances are expected to be lower than those of 
HTPB. 
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Fig.1.3- Estimated increment of both the volumetric and specific impulse of new, 
highly energetic propellants. 
Formulators are also attracted by the study of new energetic oxidisers, to improve 
the specific impulse of new propellants. Table 1.2 shows the properties of the more 
promising oxidisers, such as HNF, ADN, CL20, compared to the most conventional 
oxidisers: 
 
 AN AP RDX HNF ADN CL20 
Molecular Weight 80 117.5 222 183 124 438 
Density (Kg/m3) 1720 1950 1820 1860 1800 2040 
Heat of formation(KJ/Kg) -261 -142.6 18.4 -23.4 -67.4 53.5 
Melting point (°C) 169 -  >170 120 94 >195 
Oxygen Balance(%) 20 34 0 21.8 25.8 10.9 
Tab. 1.2- Characteristics of some new, promising oxidisers. [Doriath, D’Andrea, 
1996] 
These new molecules, chlorine-free, could be used together with energetic binder, 
so that the estimated energetic performances of this new formulation of propellants 
would be highly attractive. For instance, Table 1.3 shows the theoretical energetic 
performances of advanced propellants made by such oxidisers together with GAP, 
as binder. 
The propellants, based on these new oxidizers together with an energetic azido 
binder (GAP), exhibit very attractive performance, leading to a gain of 8 to 9 s in 
the specific impulse, for ADN and HNF respectively. The highest performance is 
assured in terms of volumetric impulse by the composition based on CL20 as 
oxidiser, as direct relationship with its high density. 
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Propellant Specific Impulse 
(s) 
Density 
(Kg/m3) 
Volumetric Impulse 
 (s⋅g/cm-3) 
       HTPB/AP/Al  
(12:68:18) 
264.5 1766 467 
 HTPB/AP/NaNO3/Al 
 (12:39:29:20) 
245.2 1876 460 
GAP/AN/CL20/Al  
(20:50:10:20) 
263.7 1800 475 
GAP/ADN/Al  
(25:55:20) 
274.2 1791 491 
GAP/CL20/Al 
 (25:55:20) 
273 1910 521 
GAP/HNF/Al  
(25:55:20) 
272.6 1803 492 
GAP/AN/Al  
(20:60:20) 
261.5 1770 463 
 
Tab. 1.3- Energetic performance of propellant based on GAP and some new 
oxidizers.[Doriath, D’Andrea, 1996] 
1.5 Chemical Overview on energetic binders 
As previously discussed, the use of energetic binders is considered to be one of 
the most promising ways to improve the energetic content of the solid propellants; 
generally such binders are prepared by reacting an azido or nitric pre-polymer with 
a poly-isocyanate (curing process). [Gaur, 2003] 
The pre-polymers are usually low molecular weight polyoxetanes or polyoxiranes 
with OH end functionalities which allow the curing process; moreover they own 
azido or nitric groups on the side chains, capable of exothermally decompose or to 
oxidize, respectively. New energetic binders that appear to offer such promises 
include, among the azido polymers, the glycidyl azide polymer (GAP) and some 
polymeric derivatives of 3-azidomethyl-3-methyl oxetane (AMMO) and 3,3-
bis(azidomethyl)oxetane (BAMO). Concerning the nitrato polymers, poly-3-
nitratomethyl-3-methyl oxetane (pNMMO) and poly(glycidyl nitrate) (pGLYN) are 
the most promising. 
1.5.1 Nitrato polymers 
1.5.1.1 pNMMO 
NMMO was first synthesized by Manser [1993] by nitration of HMMO with acetyl 
nitrate (Figure 1.4) 
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Fig.1.4- Synthesis of NMMO. 
A more convenient synthesis of NMMO can also be carried out using N2O5 as 
alternative nitrating agent, in a flow nitration system [Colclough, 1995]. This 
process gives excellent yields and produces sufficiently pure NMMO that requires 
no further purification. In fact the use of N2O5 does not give ring-opened products; 
moreover it avoids the use of acetyl nitrate, which is potentially explosive. 
The polymerization of NMMO is dependent on many factors such as the initiator 
system and the temperature, similarly to those discussed above for GAP synthesis. 
pNMMO is a pale yellow oil which is curable using some poly-isocyanates. Table 
1.4 highlights relevant properties of two samples of pNMMO of different molecular 
weight and OH end functionalities. 
 
Properties Poly-NMMO bifunctional Poly-NMMO trifunctional 
Mw 17000 6500 
Mn 12500 4200 
Mw/Mn 1.36 1.55 
OH end Groups ≤2 ≤3 
Tg (°C) -30 -35 
Decomposition Temperature 
(°C) 
187 184 
Stability 
(Vacuum Stability Test) 
stable stable 
Shock sensitivity 
(Rotter Test) 
Not sensitive  Not sensitive 
 
Tab. 1.4- Properties of difunctional and trifunctional pNMMO.[Arber, 1990] 
Aging and degradation studies on pNMMO showed that it exhibits gas 
development, although this can be reduced by the inclusion of stabilizers such as 
diphenylamine or 2-nitrophenylamine (1wt%). The basic degradation mechanism 
involves the homolytic scission of the CH2-O-NO2 bond to give CH2O· and ·NO2 
radicals. At temperature greater than 120°C, the pr ocess is rapid and anaerobic, 
yielding both chain scission and crosslinking; at temperatures of about 60°C, the 
reaction is slower, with the atmospheric oxygen playing a greater part. 
1.5.1.2 pGLYN 
GLYN is prepared by the nitration of glycidol, and it is polymerized to give a 
hydroxy terminated pre-polymer [Desai, 1996]. Urethanic crosslinking with 
isocyanates leads to pGLYN cured rubbers. The nitrating agent suggested for the 
preparation of GLYN is N2O5, like its oxetane counterpart NMMO. 
pGLYN pre-polymer is a clear yellow oil, high in energy and density with a low Tg. 
Table 1.5 highlights its main properties. 
O
OH CH3 COONO2
O
ONO2
CH3 COOH
HMMO NMMO
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Uncured pGLYN pre-polymer exhibits good chemical stability. However, when 
cured with isocyanates, the resulting polyurethane rubbers show poor stability, and 
long term or accelerated aging results in the degradation of the rubber. Further, 
degradation is not prevented by the presence of stabilizers or by the exclusion of 
oxygen. Thus, the decomposition of pGLYN rubber is attributed to the chain 
scission of the urethane linkage; such scission is not possible in the case of 
pNMMO, which has no labile H atom available for transfer. 
 
pGLYN 
Density(g/cm3) 1.46 
Tg (°C) -35 
Heat of formation (kcal/mol) -68 
OH end groups ≈2 
Decomposition Temperature (°C) 170 
 
Tab.1.5- Typical pGLYN properties.[Cumming,1995] 
 
Fig. 1.5- Degradation mechanism of pGLYN. 
Since this instability appears to be an inherent problem with pGLYN pre-polymer 
and independent on the isocyanate used, it has been overcome by modification of 
the chain ends to give a diol terminated pGLYN pre-polymer (Figure1.6) [Willer, 
1992]. 
 
 
Fig. 1.6. End modification route for pGLYN. 
1.5.1.3 Nitrated HTPB (NHTPB) 
NHTPB has been synthesized by a polymer modification route, which relies upon 
the reaction of N2O5 with epoxide groups to form dinitrate esters [Chien, 1980]. The 
properties of NHTPB depends on the percentage of converted double bonds and it 
is usually about 10%, as the best compromise between energetic and physical 
properties. Moreover, variation in the degree of nitration can give more or less 
energy, higher or lower viscosity, higher or lower Tg. The thermal stability on small-
scale is acceptable, but large-scale formulation has not been carried out so far, due 
to the superior properties of pNMMO and pGLYN. 
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1.5.2 Azido polymers 
1.5.2.1 GAP 
GAP was first synthesized in 1972 by Vandenburg [1972] by reaction of sodium 
azide with poly-epichlorohydrin in dimethylformamide; then Frankel and Flanagan 
[1981] synthesized a GAP hydroxy-terminated by using glycerol as initiating unit 
(Figure 1.7).  
O
Cl Glycerol
HO
O
H
Cl
n n
HO
O
H
N3
NaN3
DMF
pECH GAP
 
Fig. 1.7- Synthesis of GAP triol. 
Optimization of pECH production led to the successful development of a process 
which yields GAP polymers having average molecular weights of 2000 and a well-
defined number of OH functionalities for macromolecule, depending on the 
catalyst, the initiator and the ratio of ECH/initiator. Many organic acids can be used 
as initiator for pECH with suitable physico-chemical properties, such as CF3SO3H, 
SnCl4 of BF3-etherate. For instance, when BF3-etherate is used, the molecular 
weight of GAP is always lower than 2000; the use of SnCl4 allows to increase the 
molecular weight over that value. The best way to carry out the polymerization of 
ECH would be through the so-called “Activated Monomer Mechanism” (Chapter 4 
and 5); pECH obtained under these conditions has a molecular weight and a 
number of OH end groups well-controlled by the type of co-catalyst used in the 
synthesis. 
However, even if such functionalities are lower than two for each chain, the 
production of a tough and elastomeric rubber is gained by using a tri-isocyanate 
crosslinker or a triol during the curing step. Ampleman [1993] patented a method of 
synthesizing GAP with increased functionalities by regiospecific epoxidation of 
linear pECH under alkaline conditions followed by azidation of these polymers to 
yield GAP of higher functionality and reactivity. Other functional end groups are 
also possible to insert on GAP chains; a process was patented [Frankel, 1992] 
whereby linear GAP is terminated with isocyanate groups. 
Azidation of pECH to GAP is usually carried out in an organic solvent by using an 
excess of ionic azide, usually sodium azide. Complete conversion of pECH to GAP 
with NaN3 in dimethylformamide is reported to occur at 0-95°C, within 12-18 h. 
GAP of Mn=500, which could be used mainly as an energetic plasticizer, can be 
prepared by an one-step method which involves the direct conversion of ECH to 
GAP [Ampleman, 1992]. Such plasticizer could help in processing propellants 
based on GAP, enhancing the stability and the mechanical properties.  
Obviously, the physico-chemical properties of GAP depend on the degree of 
polymerization, structure and way of preparation (Table 1.6). 
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Properties GAP diol GAP triol 
Density g/cm3 1.29 1.29 
Heat of formation (cal/g) 280 280 
Mn 1700±300 ≥900 
OH end groups 1.5-2.0 2.5-3.0 
Vacuum stability, (mL/g), 200 h, 100°C ≥3 ≥3 
Tg (°C) -45 -45 
 
Tab. 1.6-. Properties of GAP [Finck, 1996] 
GAP is a hard and brittle material at low temperature as a consequence of the rigid 
conjugated azido groups, limiting the flexibility of the polymeric backbone. The 
energetic properties of GAP are not due to its oxidation, but rather to 
decomposition of the azido groups, which give nitrogen gas development with a 
heat of reaction of 957 kJ/kg at 5 MPa. Differential thermal analysis and 
thermogravimetric studies of the decomposition of GAP revealed an exothermic 
decomposition at 220-270°C accompanied by a 40% wei ght loss, followed by a 
secondary weight loss without heat liberation. The friction and impact sensitivity of 
GAP are quite low, so that binders based on GAP has an Hazard Classification of 
1.3, as the propellant based on HTPB. 
1.5.2.2 Polymerization of azido methyl oxetanes: pAMMO and pBAMO 
Polymerization of substituted four membered oxetanes produce polymers with 
higher molecular weight and higher elongations compared to GAP. Their 
functionality and molecular weight may be easily controlled as compared to 
epoxides. Therefore, polymers and copolymers of oxetanes containing azido 
groups, such as AMMO and BAMO were investigated in the past. [Manser, 1983, 
Talukder 1991, Cheradame,1991]. 
The main difference between pAMMO and pBAMO concerns the morphology of 
such homopolymers; pAMMO is an amorphous polymer and it looks like a very 
viscous oil, while pBAMO is a crystalline white solid due to the high symmetry of its 
backbone. For this reason, pBAMO cannot be used as homopolymer in binder 
technology , but BAMO units are often used in copolymers (e.g., with AMMO [Xu, 
1992], THF [Hsiue, 1994] or NMMO [Talukder 1990]), because of their great N-
content, which gives to the molecule suitable energetic properties. 
The glass transition of pAMMO is in the range -51.5°C to -45.5°C, depending on 
the molecular weight of the sample. pBAMO has a Tg of -28°C and a melting point 
of about 80°C; its glass transition temperature can  be reduced to -60°C when 
BAMO is copolymerized with THF [Manser, 1990]. The number of OH end groups 
can be controlled by choosing a suitable initiating system (in general the catalyst 
used for polymerization of ECH can be used for oxetanes) and appropriate 
conditions of polymerization, as for GAP synthesis (Chapter 2). 
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1.6 Aim of the work 
The present work has been carried out within a collaboration between the 
Department of Chemical Engineering of the University of Pisa with Avio S.p.A, as 
partners in the European research project CEPA 14 “Energetic Materials”, RTP 
14.10 “Synthesis of Nitrocompounds for Use in Energetic Materials”. This research 
involved many European industries, leaders in the field of the research and the 
development of energetic materials, each one studying new oxidizers, plasticizers, 
explosives or binders for application in a further generation of propellants. In this 
context, the aim of the Italian team was the synthesis and the characterization of 
some energetic pre-polymers for the formulation of binders of improved energetic 
performances. 
At the beginning, the study of such pre-polymers had to be carried out on very 
small lab-scale, due to the potential hazard of handling energetic materials; then, 
once traced the potentialities and the borders of the process, the latter was scaled-
up (from few grams to 500-1,000 grams) to have enough material for the 
applicative characterization of new propellant mixtures based on the energetic pre-
polymer previously selected. 
Our first aim was to select and develop syntheses of energetic pre-polymers as 
safe as possible; thus, among the energetic pre-polymers previously introduced, 
we selected the study of azido ones because of the different physico-chemical 
characteristics and stability of the azidation agents as compared to those 
containing nitro groups. In fact, while sodium azide is a stable salt if carefully 
handled and stored, the common nitrating agents are more problematic, since they 
are strongly acidic (e.g., H2SO4/ HNO3) or highly unstable and potentially explosive 
(e.g., the acetyl nitrate, formed in situ by reaction of HNO3 with acetic anhydride). 
The use of N2O5 could be better from a safety point of view, but it is a gas at room 
temperature, thus giving more complication in its handling and storage on small 
lab-scales. 
Other safety considerations drove us in the selection of the synthetic procedure for 
the production of azido polymers, as it will be discussed in Chapter 3. In the past, 
pAMMO or suitable amorphous copolymers of BAMO were mostly synthesized by 
homo- or copolymerization of their respective monomers, despite the high shock-
sensitiveness of both azido-oxetanes. If the monomers are handled with care, this 
problem is negligible on small lab-scale but it would be important for the safety and 
the costs of up-scaled processes. For this reason, our efforts were aimed to find 
new synthetic ways of such azido polymers, having a less dramatic impact on the 
safety of the process. The idea was to extend the so-called “polymerization-
azidation” route, used for the synthesis of GAP, to poly-oxetanic backbones. 
Once the synthetic route was selected, and all the aspects of the synthesis were 
optimized, with respect to the molecular weight, the purity, the concentration of end 
OH functionalities and the kinetics of the azidation, the process was scaled up to 
produce a large amount of polymer for the applicative characterization of new 
propellant mixtures based on pAMMO and the copolymer GA/BAMO. In particular 
the characterization of GA/BAMO propellant is completed and the main results will 
be shown in Chapter 6. 
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2 AZIDATION/POLYMERIZATION ROUTE 
Both the azido-oxetanes (AMMO and BAMO) are commercially unavailable, 
therefore the first part of our experimental work consisted of the synthesis and the 
characterization of these molecules. 
They can be prepared in a two steps synthetic route: 
• Synthesis of non-energetic oxetanic precursors, starting from HMMO (for 
AMMO) or pentaerythritol (for BAMO); 
• Introduction of azido groups on the newly-synthesized oxetanic substrates.  
2.1 Synthesis and characterization of AMMO precursors 
2.1.1 CMMO (3-chloromethyl-3-methyl oxetane) 
HMMO can be chlorinated by employing several chlorinating agents, listed as 
follows: 
• SOCl2 in pyridine [Manser, 1984]; 
• Cl2/triphenylphosphine in pyridine [Dale, 1993]; 
• CCl4/triphenylphosphine [Manser, 1993]. 
The third way was selected since it was supposed able to ensure the highest yield 
by starting from cheap, commercially available chemicals. [Slagle, 1981] 
Fig. 2.1-Chlorination of HMMO by CCl4/PPh3 system  
After the removal of the solid co-product through filtration and the evaporation of 
the volatile compounds (CCl4 and CHCl3), CMMO was purified by vacuum 
distillation (yield, 53%). The oxetane was then characterized by GC, which 
confirmed the high purity of the distilled product (more than 99%); the molecular 
structure of the CMMO was identified by FT-IR and 1H-NMR spectroscopies. More 
details about CMMO synthesis will be given in Paragraph 2.5.1. 
2.1.2 TMMO (3-tosyloxymethyl-3-methyl oxetane) 
The synthesis of TMMO was firstly carried out by Manser [1984], by mixing at room 
temperature 3-hydroxymethyl-3-methyl oxetane (HMMO) and tosyl chloride in 
pyridine, as reaction medium (Figure 2.2). The product was recovered by using 
water which assists the separation of the white crystals, consisting of TMMO. The 
total yield of pure product was about 75 mol%, after purification by re-crystallization 
in ethanol.  
This result was very promising if compared with the lower yield obtained for the 
production of CMMO, which was definitively abandoned as precursor of AMMO. In 
fact the advantages of the synthesis of TMMO mostly consist in the fact that the 
use of CCl4 (highly toxic solvent with carcinogen effects) is avoided and the 
tosylate is a better leaving group than chlorine; therefore, the following nucleophilic 
substitution with an azido group would be better assisted by TMMO than by 
CMMO. 
(C6H5)3PO+CHCl3+
O
Cl
(C6H5)3P+CCl4+
O
OH
  
18 
O
OH
+ TsCl
10°C O
OTs
+
where Ts= S
O
O
CH3
N
+
N
H
Cl
 
Fig. 2.2- Synthesis of TMMO 
FT-IR and 1H-NMR spectroscopies were employed to check the molecular 
structure and purity (>99%) of TMMO. 
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Fig. 2.3- FT-IR spectrum of TMMO. ν (cm-1): 2960 (νas CH3), 2926(νas CH2),  2872 
(νs CH2), 1602 ( ν  C-C aromatic ring) , 1462 (δ CH2), 1356 (νas S(=O)2), 1188 (νs 
S(=O)2), 1100(δs  C-H aromatic ring), 976 (νas C-O-C, νas S-O-C ), 836 (νas C-C-O 
oxetanic ring, , νs  S-O-C ), 668 (ω C-H aromatic ring). 
The FT-IR spectrum of TMMO confirmed the presence of the tosylate group 
(symmetrical and asymmetrical stretching of S(=O)2 respectively at 1356 and 1188 
cm-1) and the heterocyclic structure of the compound (asymmetrical stretching C-
O-C at 984 cm-1). [Rose, 2001] The wide band around 3500 cm-1 is probably due to 
impurities contained in the sample; in fact there is no evidence of any hydroxylic 
protons in the 1H-NMR spectrum (Figure 2.4). 
Even 1H-NMR spectroscopy confirmed the chemical structure of the product. In 
conclusion the sulfonation of HMMO was successful, leading to crystalline TMMO 
(m.p.=62.4°C); the total yield, referred to the who le process (synthesis and re-
crystallization) was about 63 mol% 
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Fig. 2.4-1H-NMR spectra of TMMO (DMSO-d6, 600 MHz): δ (ppm), 7.81-7.48 (4H, 
dd, aromatic ring), 4.23-4.17 (4H, dd, oxetanic ring), 4.10 (2H, s, CH2OTs), 2.40 
(3H, s, CH3 aromatic ring), 1.16 (3H, s, CH3). 
2.2 Synthesis and characterization of BAMO precursors 
2.2.1 BCMO (3,3-bis(chloromethyl)oxetane) 
BCMO was prepared by a two-steps synthesis, starting from pentaerythritol which 
was chlorinated with SOCl2 (pentaerythritol/SOCl2 1/3 molar ratio) in pyridine to 
obtain 3-chloro-2,2-bis(chloromethyl)propan-1-ol (I); this intermediate successively 
underwent an intramolecular Williamson’s synthesis, to give the oxetanic ring 
(Figure 2.5). [Mooradian and Cloke, 1945] 
The advantage of such chlorination system is mostly that both co-products are 
gaseous (SO2 and HCl) and thus easily removable from the reaction mixture. The 
solvent and SOCl2 must be carefully dehydrated and purified by distillation before 
feeding them in the reactor; in fact, the reaction mixture must be kept as anhydrous 
as possible, to limit the hydrolysis of SOCl2. 
Although the molar ratio thionyl chloride/pentaerythritol was set to three to assist 
the displacement of three hydroxylic functional groups, by-products were formed, 
mainly 3,3-dichloro-2,2-bis(chloromethyl) propane (II), which lowered the total yield 
and the purity of (I) (about 88 mol%). 
Unfortunately, the separation of (I) from (II) is not easy, since both the solids have 
similar solubility in most solvents; thus the purification of (I) was done by distillation 
of the raw product under high vacuum and the molecular structure of both materials 
was determined by 1H-NMR and FT-IR. [Mondanaro-Lynch and Dailey, 1995] 
Considering the complexity of distillation (the starting materials are in the solid 
state) and the scarce increase in purity, we decided for the use of raw material in 
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the following synthetic step, although (II) is not inert to Williamson’s synthesis and 
can lead to the formation of undesired by-products.  
NaCl
O
ClH2C CH2Cl
70°C
Ethanol
NaOHC
CH2Cl
CH2OHClH2C
ClH2C
3HCl3SO2C
CH2Cl
CH2OHClH2C
ClH2C
Pyridine
110-120°C
3SOCl2C
CH2OH
CH2OHHOH2C
HOH2C
I
I BCMO
Fig.2.5-Synthesis of BCMO. 
In the second synthetic step, the oxetanic ring was synthesized according to the 
procedure suggested by Farthing [1955]. Such procedure consists of an 
intramolecular Williamson’s synthesis where the basic medium of reaction leads to 
a proton loss in the hydroxylic group of I, and further displacement of one of the 
three chlorine atoms on the same molecule. The result is the formation of an 
oxetanic ring, with two pendant chloromethylenic groups in position 3 (BCMO). 
Although the intramolecular substitution is kinetically favoured for the closeness of 
the alchoxide group to the chlorine, an intermolecular substitution is also possible, 
leading to linear ether as by-product. As mentioned above, a preliminary 
quantitative separation of I from II would be useful, considering that II is not inert 
during the Williamson’s reaction, as it owns four chlorine atoms which could be 
displaced by a nucleophilic agent. 
After distillation under high vacuum, BCMO was characterized by FT-IR and 1H-
NMR spectroscopy, which confirmed the expected structure of the product; its 
purity was 97.5%, as confirmed by GC. 
2.2.2  BTMO (3,3-bis(tosyloxymethyl)oxetane) 
Two synthetic routes were investigated, in order to prepare BTMO by cyclization of 
some sulfonation derivatives of pentaerythritol (Figure2.6). 
Preliminary studies were aimed at the evaluation of the selectivity of the 
sulfonation; the molar ratio tosyl chloride/pentaerythritol was chosen equal to three 
in order to assist the displacement of three hydroxylic functional groups. 
TsOH2C CH2OTs
TsOH2C CH2OTs
TsOH2C CH2OTs
TsOH2C CH2OH
3-O-tosyl-2,2-bis(tosyloxymethyl)-propan-1-ol 3,3-O-ditosyl-2,2-bis(tosyloxymethyl)propane
(III) (IV)
 
Fig. 2.6-3-O-tosyl-2,2-bis(tosyloxymethyl)-propan-1-ol (III) and 3,3-O-ditosyl-2,2-
bis(tosyloxymethyl) propane (IV). 
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CH2OH
CH2OH
HOH2C
HOH2C
+ 3TsCl +
N
3
CH2OTs
CH2OH
TsOH2C
TsOH2C
+ 3
N
H Cl
(I)
Fig. 2.7-Scheme of pentaerythritol sulfonation 
The few bibliographic references about the sulfonation of pentaerythritol [Yun, 
2000] suggested operating temperatures of 0-10°C an d a reaction time of about 5 
h. The composition of the raw sulfonation product was determined by 1H-NMR 
spectroscopies and HPLC and it is listed below: 
Compound mol% from HPLC 
analysis  
mol% from 1H-NMR 
analysis 
Ditosylated pentaerythritol 38% 42% 
Tritosylated pentaerythritol (III) 53% 52% 
Tetratosylated pentaerythritol (IV) 9% 6% 
Tab. 2.1-Composition of the raw product (sulfonation of pentaerythritol) 
In conclusion, the total yield of III was estimated to be about 40 mol% by 
considering the low conversion of pentaerythritol (about 0.8) and the formation of a 
relatively large amount of by-products; that yield is comparable with that obtained 
for 3-chloro-2,2-bis(chloromethyl)propan-1-ol in pentaerythritol chlorination.  
The quantitative separation of IV is always possible from the raw sulfonation 
product by treating it with polar solvents, such as methanol or hot ethanol; under 
these conditions, only the compounds with higher polarity (di-tosylated 
pentaerythritol and III) are dissolved, while IV is recovered by filtration. This aspect 
could undoubtedly be a significant advantage of sulfonation with respect to 
chlorination of pentaerythritol, (in fact, as discussed above, an easy way of 
purification of the 3-chloro-2,2-bis(chloromethyl)propan-1-ol (I) has not been found 
yet), if the formation of the di-tosylated product was avoided. Thus the molar ratio 
TsCl/pentaerythritol was successfully increased to 3.5 in order to drive the reaction 
towards tri- and tetra-sulfonated products (composition: di/tri(III)/tetra(IV) = 
2.7/64.1/33.2, purity: III=94 mol%, IV=96 mol%, determined by 1H-NMR analysis ). 
After separation of those products, III and IV were treated to obtain the formation of 
the oxetanic ring. Finally, BTMO was successfully synthesized from III through 
Farthing’s ring closure, by using NaH as alkaline reactant. 
 
Fig. 2.8-Synthesis of BTMO by ring closure of III under strong alkaline conditions 
BTMO crystals were recovered (yield 75 mol%), after purification through re-
crystallization in a mixture acetone/methanol; the pure product (m.p.=112°C, litt. 
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114-116°C [Morita, 2004]) was checked by FT-IR and 1H-NMR which confirmed the 
chemical structure of the product. 
The use of IV as BTMO precursor was suggested by studying some carbohydrate 
oxiranes, which are usually prepared from vicinal diols via sulfonation and ring 
closure under alkaline conditions for LiAlH4 [Szeja, 1988]. This reactant is usually 
employed for the reduction of the tosyl groups to alkylic one: when the sulfonated 
substrate has the β-position strongly hindered, as in the present precursor, LiAlH4 
reduces the tosyl groups to an heterocyclic structure. 
OHHO OTsTsO O
 
Fig. 2.9- Scheme of synthesis of carbohydrate oxiranes via sulfonates. 
Thus IV was dissolved in THF and slowly added to a solution of LiAlH4 in THF by 
keeping the temperature around -10°C for about 20 h ours. A solid product was 
separated from the solution by precipitating it in water, but its spectroscopic 
characterization showed that it wasn’t BTMO.    
The reasons of such failure aren’t explained yet; in fact, even if other tests of ring 
closure were planned, some disappointing results obtained in the 
homopolymerization of BTMO let us lose interest on its precursor.   
2.2.3 BBrMO (3,3-bis(bromomethyl) oxetane)  
Our investigation was limited to the ring closure of 2,2-bisbromomethyl-3-bromo-
propan-1-ol, since this substance, a brominated derivative of pentaerythritol, was 
kindly provided by ICT Fraunhofer. The ring-closure reaction was carried out 
through an intramolecular Williamson’s synthesis, similar to that used for BCMO. 
 
Fig.2.10-Ring closure reaction for BBrMO synthesis 
The distilled product (103-107°C, 16 mmHg) was char acterized by FT-IR and 1H-
NMR spectroscopy (Figures 2.11 and 2.12). 
The FT-IR spectra identify both the presence of bromine atoms (stretching C-Br at 
656 cm-1) and the heterocyclic structure of the molecule. In fact the symmetrical 
and asymmetrical C-O-C stretching bands are respectively shifted to higher and 
lower frequencies with respect to a non-cyclic structure, due to the ring strain.  
The 1H-NMR spectrum shows two peaks of the same area, corresponding to the 
two couples of protons of the molecule. The peak at 4.34 ppm was assigned to the 
four methylenic protons of the ring, unshielded for the electronegative effect of the 
heteroatom; the peak at 3.93 ppm was assigned to the four protons of the two 
bromomethylenic groups. 
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Fig.2.11-FT-IR spectrum of BBrMO: ν (cm-1) 2963 (νas CH2), 2877 (νs CH2), 1432 (δ 
CH2), 1238 (ω CH2Br), 1207 (νs C-O-C), 981 (νas C-O-C), 881 (νs C-C-O ring ),  
656 (ν C-Br). 
 
 
Fig. 2.12- 1H NMR spectrum of BBrMO in CDCl3: δ (ppm) 3.93 (s, 4H, CH2Br), 4.34 
(s, 4H, CH2O). 
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2.3 Azidation of oxetanic precursors 
The azidation of many oxetanic substrates was studied; such heterocyclic 
molecules must own some suitable leaving groups in their side chains, such as 
halogen atoms or tosyloxy groups, in order to be suitable for the preparation of 
energetic, azido oxetanes. In particular, two azidation procedures were mostly 
investigated: 
• Classical process, performed in a polar, aprotic solvent; [Campbell, 1957] 
• Phase transfer catalyst (PTC) process, performed in a heterogeneous 
mixture, solvent free.  [Malik, 1996] 
2.3.1 Azidation in organic solvents 
The azidation of organic substrates is usually carried out in polar and aprotic 
solvents since these characteristics assist SN2 reactions, like azidation. Moreover, 
the boiling point of the selected solvent should be quite high; in fact the azidation is 
usually performed by heating the reaction mixture, to increase the reaction rate, 
because of the relatively low nucleophilic power of the azido group. Thus, the most 
suitable and available solvents are dimethylsulphoxide (DMSO) and 
dimethylformamide (DMF). The azidation is usually carried out at 95°C in these 
solvents, but higher temperatures could be employed when the reaction is 
particularly slow; in general, the upper limit is fixed by the decomposition threshold 
of the substrate. For instance, the temperature of azidation of polymeric substrates 
is usually higher than 95°C and the upper threshold  is fixed at about 150°C due to 
some observed decomposition of the polymeric backbone.  
The classical procedure is highly satisfactory when carried out on lab-scale; 
unfortunately the bigger is the scale of the process, the less suitable it appears. In 
fact the main disadvantages of an up-scaled synthesis are listed below:  
• Low solubility of sodium azide in DMF/DMSO, therefore sodium azide has 
to be added slowly and under stirring. The main risk is that the friction 
between NaN3 crystals, highly impact sensitive, and the blades of the 
stirrer could generate explosions. 
• Toxicity and cost of the organic solvents. 
• Sodium azide must be used in excess with respect to stoichometric ratio 
and a recover/recycle section is necessary. 
• Hydrazoic acid, which is highly explosive and toxic, may form during the 
reaction due to the difficulty of pH control in the reaction mixture. 
However the classical azidation was successful for the synthesis of AMMO and 
BAMO from their respective oxetanic precursors on lab-scale, as it will be shown 
below.  
2.3.2 Phase Transfer Catalyst (PTC) process 
This kind of azidation is suggested for up-scaled reactions since it evades the 
limitations of the classical way of azidation in organic solvents, listed above. It is a 
heterogeneous, solvent free reaction, performed by combining the organic 
substrate, carrying the leaving groups, with an aqueous solution of metallic azide 
and a phase transfer catalyst (PTC). Suitable organic substrates are water-
immiscible liquids of low viscosity, at temperatures lower than 100°C; in fact, the 
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azido ions must have a good mobility in the organic phase where the reaction takes 
place.     
The PTC assists the migration of the azido ions from the aqueous phase to the 
organic one, through the formation of a complex with them, despite the low 
solubility of NaN3 in organic media. Once in the organic layer, the azido ions react 
with the organic substrate and the leaving groups are carried to the aqueous layer 
by PTC.  
Quaternary ammonium or phosphonium salts are mostly employed as catalysts for 
phase transfer applications, because of their capability to dissolve in both aqueous 
and organic liquids. 
Another important advantage of this process is the easiness of the recovery and 
the purification of the azido products. In the classical process, the azido 
compounds are usually recovered by extracting them through addition of a suitable 
solvent, usually dichloromethane, to the reaction mixture; the organic layer is then 
distilled to recover the pure product. Unfortunately, the added solvent is not always 
able to quantitatively extract the azido-product, which lowers the yield of the 
reaction. On the contrary, such extraction step can be limited or completely 
avoided in PTC processes, depending on the solubility of the azido product in the 
aqueous layer. 
2.3.3 Synthesis of 3-azidomethyl-3-methyl oxetane (AMMO) and 3,3-
bis(azidomethyl) oxetane (BAMO) 
AMMO and BAMO were prepared through both the procedures of azidation, 
previously discussed; Table 2.2 summarizes the yield and the characterization 
performed for each monomer. 
Energetic 
oxetanic 
monomer 
Precursor Yield 
(mol%) 
Purity 
(mol%) 
FT-IR 1H-NMR TGA GC 
HPLC 
Shock  
sensiti
vity  
tests 
AMMO CMMO 65.5 >99 X X X X X 
 TMMO 89.0(*) >99      
BAMO BCMO 75.5 >99 X X X X X 
 BBrMO 76.0(*) >99      
(*) Solvent-free process conditions 
Tab. 2.2. AMMO and BAMO synthesis 
The mechanism of azidation of the oxetanic precursors is supposed to be a 
nucleophilic substitution (SN2) of the leaving groups by treatment of BXMO or 
XMMO (where X can be Cl, Br, Ts) with an equivalent amount of NaN3, even if 
some authors don’t agree with this hypothesis; for instance, concerning the 
azidation of BCMO, Campbell [1957] found that the rate of displacement of 
halogen atoms of BCMO is surprisingly high, considering that they are still 
nominally neopentyl halides (which has a low SN2 reactivity). This enhanced 
reactivity should arise from the altered geometry of the quaternary carbon atom, 
imposed by the oxetanic ring, which forces the halogen atoms into a sterically 
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favoured position. Therefore, he suggested a new alternative mechanism of 
displacement of chlorine atoms, as shown in Figure 2.13. 
Fig. 2.13- Alternative mode of halogen displacement proposed by Campbell. 
The PTC process was employed for both the synthesis of AMMO and BAMO 
respectively from TMMO and BBrMO; tetrabutylammonium bromide (TBAB), a 
quaternary ammonium salt commercially available from Sigma Aldrich, was used 
as PTC. TBAB is quite expensive (40.40 €, for 100 g, purity >99%), but it is used in 
catalytic amount during the reaction (about 1 g of TBAB for 70 g of TMMO or 35 g 
of BBrMO). 
O
OTs
O
BrBr
O
N3
O
N3N3
+ NaN3
+ NaOTs
NaN3+ NaOTs+
TBAB, H2O
95-105 °C
95-105 °C
TBAB, H2O
where TBAB= Bu N
Bu
Bu
Bu
Br
(tetrabutylammonium bromide)
 
Fig. 2.14- Solvent free azidation process 
2.3.4 Characterization of AMMO 
AMMO is a colourless liquid of high boiling point (91-92°C, 12 mmHg) and density 
(1.17 g/cm3). A careful handling of the product is suggested due to its energetic 
properties, which decrease the stability of the compound, as it will be discussed 
below.   
During our azidation tests, the displacement of the leaving groups by the azido 
ones was easily checked by FT-IR spectroscopy which showed the increase of the 
concentration of azido groups through the peaks at 2100 cm-1 and 1268 cm-1, 
respectively assigned to the asymmetrical and symmetrical stretching of N3.   
After purification of the product by distillation, 1H-NMR was employed for the 
detection of the chemical structure (Figure 2.16); the purity, checked by GC 
analysis, was very high (>99%).  
O
ClH2C CH2Cl
Nu + Nu CH2 C
CH2
CH2
CH2 Cl
O
Cl
O
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Fig. 2.15- FT- IR spectrum of AMMO (liquid); ν (cm-1) 3349 (ν1+ν2 N3)  2965 (νas 
CH2), 2872 (νs CH2), 2189 (ν C-N),  2105 (νas N3), 1452 (δ CH2), 1382 (δs CH3), 
1350 (ω CH2), 1268 (νs C-O-C, νs N3), 984 (νas C-O-C), 836 (νs C-C-O ring ), 686 
(N3 bend). 
 
Fig. 2.16- AMMO 1H-NMR spectrum (DMSO-d6, 600 MHz) δ (ppm); 1.24 (3H, s, 
CH3), 3.58 (2H, s, CH2N3), 4.20 & 4.31 (4H, d, CH2 ring) 
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The thermal sensitiveness of AMMO was tested by heating a few milligrams of this 
compound under nitrogen atmosphere. No decomposition was observed even 
maintaining the sample between 140-150 °C for more than thirty minutes. The TGA 
analysis (Figure 2.17) confirmed this result; the slight weight loss of the sample 
was attributed to evaporation (b.p. of AMMO = 165 °C). 
This result is in accordance with previous studies about the thermal decomposition 
of azido oxetanes [Oyumi and Brill, 1986], which showed that fast heating of 
AMMO, at pressure below 500 psi, mostly resulted in evaporation rather than in 
decomposition. This can only be induced by application of higher pressures 
capable of lowering the rate of evaporation of AMMO. 
In conclusion, the thermal stability of AMMO is rather good, since evaporation 
takes place before decomposition. 
 
Fig. 2.17- Thermogravimetric analysis of AMMO 
Mechanical stability of AMMO was detected through impact and friction tests, 
respectively in conformity with the standard procedures STANAG 4489 and 
STANAG 4487. Concerning the first standard procedure, it was extended to liquid 
samples (neglected by that procedure) by providing the sample holder of a gasket 
which could prevent the flowing out of the material during the test. 
Impact sensitivity of AMMO (STANAG 4489): 19.6 J 
Friction sensitivity of AMMO (STANAG 4487): 6 Kg 
2.3.5 Characterization of BAMO 
BAMO is also a colourless liquid of high boiling point (79-81°C, 1 mmHg) and 
density (1.23 g/cm3). A careful handling of the product is suggested due to its 
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energetic properties which decrease the stability of the compound, as it will be 
discussed below. 
During the azidation, the increase of the concentration of the azido groups was 
detected by FT-IR spectroscopy, which showed peaks at 2106 cm-1 and 1283 cm-1, 
as the asymmetrical and symmetrical stretching of the N3 bonds, respectively.  
After the purification of the product by distillation, 1H-NMR was employed for the 
detection of the chemical structure (Figure 2.19); the purity, checked by GC 
analysis, was very high (>99%).  
The thermal stability of BAMO resulted very good since it evaporates before 
decomposition takes place, as AMMO does. On the contrary, the mechanical 
sensitivity of BAMO is higher than that of AMMO, as expected by considering its 
higher content of azido groups. 
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Fig. 2.18-FT- IR spectrum of BAMO ( liquid); ν (cm-1)  2954 (νas CH2), 2871 (νs 
CH2), 2186 (ν C-N),  2106 (νas N3), 1450 (δ CH2), 1350 (ω CH2), 1283 (νs C-O-C, νs 
C-N3), 984 (νas C-O-C), 733 (N3 bend). 
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Fig. 2.19- 1H-NMR spectrum of BAMO (DMSO-d6, 600 MHz) δ (ppm); 3.70 (4H, s, 
CH2N3), 4.30 (4H, s, CH2 ring). 
 
Fig. 2.20- Thermogravimetric analysis of BAMO. 
 
Impact Sensitivity of BAMO (STANAG 4489): 0,5 J 
Friction Sensitivity of BAMO (STANAG 4487): 4Kg 
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2.4 Polymerization of energetic monomers 
2.4.1 Homopolymerization of AMMO and BAMO 
The ring-opening polymerization of oxetanes is usually carried out by cationic-living 
polymerization through an alcoholic precursor (usually 1,4-butanediol BDO) and a 
suitable catalyst for cationic polymerization, such as a Lewis acids (i.e. boron 
trifluoride etherate) [Cheradame, 1991] or an alkylating salt (i.e. triethyloxonium 
exafluorophosphate TEOFF) [Wardle, 2000]. The use of these salts was recently 
developed since they are supposedly able to provide a better catalytic effect than 
the Lewis acids, concerning the polymerization kinetic and the control of molecular 
weight.  
However TEOFF can’t be employed when the concentration of the hydroxylic end 
functionalities must be strictly controlled, like in the synthesis of energetic polymer; 
in fact it works by alkylating the hydroxylic functionalities of the polymer, thus 
decreasing their concentration in the final polymer. For this reason, the catalytic 
system TEOFF/BDO was used only for these preliminary polymerization tests 
whose main aim was the preparation of minimal amounts of homopolymers, just 
sufficient for their characterization. These tests were run at room temperature, in 
CH2Cl2 as non-polar solvent. 
2.4.2 Characterization of homopolymers 
The macroscopic aspect of pAMMO is very different  from that of pBAMO; in fact, 
pBAMO is a crystalline white powder (MP=79-81°C), w hile pAMMO is an 
amorphous polymer which looks like a very viscous oil. This different morphology 
can be imputed to the different class of symmetry which AMMO and BAMO belong 
to. In fact the symmetry of BAMO is higher than that of AMMO and it is maintained 
after its homopolymerization which generates chains of high stereoregularity. On 
the contrary, AMMO molecule has a lower class of symmetry than BAMO, being 
the position 3 of the oxetanic ring of AMMO substituted by two different functional 
groups (CH3 and CH2N3); for this reason, the opening of the oxetanic ring 
generates polymeric chains of low stereoregularity.  
As previously discussed, the polymerization of oxetanes causes the opening of the 
heterocyclic structure, thus leading to linear C-O-C bonds. This transformation of 
C-O-C bonds from cyclic (characteristic of the monomer) to linear (polymer), can 
be appreciated by comparing the FT-IR spectra of the monomers with those of their 
respective homopolymers.  
In fact the symmetrical stretching C-O-C is shifted by the opening of the oxetanic 
rings from about 980 cm-1 to 1100 cm-1; for the same reason, the peaks of oxetanic 
CH2 (4.2-4.3 ppm) are shifted under those of CH2N3 (about 3.3-3.4 ppm) in both 
the 1H-NMR spectra of AMMO and BAMO. 
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Fig. 2.21- FT-IR spectrum of poly-AMMO. ν (cm-1) 3349 (ν1+ ν 2 N3)  2965 (ν as 
CH2), 2872 (ν s CH2), 2189 (ν C-N),  2105 (ν as N3), 1452 (δ CH2), 1382 (δs CH3), 
1350 (ω CH2), 1294 (ν s C-O-C), 1109 (ν as C-O-C), 686 (N3 bend). 
 
 
 
Fig.2.22-1H-NMR spectrum of poly-AMMO (CDCl3, 300 MHz). δ (ppm); 0.94 (3H, s, 
CH3), 3.21 (4H, m, CH2O), 3.25 (3H, s, CH2N3). 
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Fig.2.23- FT-IR spectrum of poly-BAMO; ν (cm-1) 3352 (ν1+ν2 N3)  2900 (ν CH2), 
2189 (ν C-N),  2105 (ν
 as N3), 1445 (δ CH2), 1317 (ω CH2), 1295 (ν s C-O-C), 1100 
(ν
 as C-O-C), 686 (N3 bend). 
 
 
Fig. 2.24- 1H-NMR spectrum of poly-BAMO δ (ppm); 3.38 (8H, m, CH2O-CH2N3). 
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The average molecular weights of some polymeric samples were determined by 
GPC analyses. Unfortunately, for low molecular weight polymers, the GPC 
measurements strongly depend on the standard used in the calibration of the 
instrument and there is no way to predict which standard could be the most 
appropriate one. For instance, Table 2.3 shows the molecular weight of pAMMO 
calculated on the basis of two different standards employed in calibration 
(polystyrene and polyethylene glycol). 
Standard used →→→→ Polystyrene PEG  
Sample N° M n Mw Mn Mw Mw/Mn 
Poly-AMMO 1 5326 7798 2798 4129 1.48 
Poly-AMMO 2 7261 11220 3987 5978 1.53 
Poly-AMMO 3 4998 7317 2650 3878 1.46 
Tab. 2.3 GPC analysis of three poly-AMMO samples (column PL Mesopore, eluent 
1.0 mL/min chloroform). 
1H-NMR analysis was performed after acetylation of the hydroxylic groups, to 
check the OH functionalities; in this way, the peak of the hydroxylic proton is 
amplified three times and shifted in a spectral region (at about 2.1 ppm) free from 
other peaks. Even if the presence of OH functionalities is clear, the knowledge of 
the exact molecular weight of the polymer would be necessary in order to evaluate 
the number of hydroxylic functionalities for each polymeric chain. 
Finally, the mechanical and thermal sensitivity of both homopolymers were 
evaluated and compared with those of the corresponding monomers. As expected, 
both homopolymers show energetic properties, due to the instantaneous 
decomposition of their azido groups. However, the high decomposition 
temperatures of pAMMO and pBAMO (244 and 258 °C, re spectively), allow their 
safe storage at room temperature, without risks of detonation. 
Concerning the thermogravimetric analysis of pAMMO, there is a first weight loss 
of 35.5 wt% around 250 °C. This loss is quite close  to that expected (32.3 wt%) by 
supposing that each azido group releases a N2 molecule during the decomposition 
process [Miyazaki and Kubota, 1992] No other decomposition peaks were 
observed by increasing the temperature to 400°C; ho wever the sample weight loss 
goes on gently probably due to the pyrolysis of the macromolecules of the polymer, 
with formation of more volatile products.  
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Fig. 2.25-Thermogravimetric analysis of pAMMO 
 
As for the monomers, the friction and impact sensitivity were evaluated in 
conformity with the standard procedures STANAG 4489 and STANAG 4487, 
respectively. The conclusion was that both homopolymers have a good stability 
towards mechanical stresses, since their friction and impact sensitivity resulted 
lower than those of the corresponding azido monomers. This result has been very 
important in view of the selection of the synthetic route of azido polymers, as it will 
be discussed in the next chapters. 
2.5 Experimental Part 
2.5.1 Synthesis of CMMO 
A three necked flask, equipped with a mechanical stirrer, a condenser and a 
thermometer, was fed with 80 mL of CCl4 (previously dried with P2O5 and distilled), 
39.3 g of triphenylphosphine and 15 mL of HMMO. The mixture was heated to 
65°C to induce an exothermic reaction, so that the temperature was self-
maintained for some minutes. Then the flask was heated to 85 °C for three more 
hours. 
The pale-yellow mixture was cooled to room temperature and the solid was filtered 
off and washed with diethyl ether, which was then added to the filtrate; this mixture 
was finally dried by mixing with MgSO4, and then by evaporation at 40°C, 200 
mmHg. 
The remaining raw product was distilled, yielding 9.68 g of CMMO (53 mol%) at 58 
°C, 25 mmHg. The distilled product was stored at 4° C, in the dark in order to avoid 
the formation of peroxides. 
FT-IR spectrum of CMMO: ν (cm-1) 2968 (νas CH3), 2947 (νas CH2), 2873 (νs CH2), 
1456 (δs CH2), 1383 (δs CH3), 1292 (ω CH2Cl), 1252 (νs C-O-C), 984 (νas C-O-C), 
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833 (νs C-C-O ring ), 731 (ν C-Cl). 1H-NMR spectrum of CMMO in DMSO-d6 at 600 
MHz: spectrum δ (ppm), 1.31 (3H, s, CH3), 3.83 (2H, s, CH2Cl), 4.23 & 4.33 (4H, d, 
CH2 ring). 
2.5.2 Synthesis of TMMO 
A three-necked flask, equipped with a mechanical stirrer, an addition funnel and a 
thermometer, was fed with tosyl chloride (28.6 g, 0.15 mol) to which pyridine (125 
mL) was added whilst stirring under nitrogen atmosphere. HMMO (10.2 g, 0.1 mol) 
was then added slowly and the mixture stirred for 1.5 h. The reaction flask was 
placed in an ice-water bath so that the reaction temperature was maintained 
between 2 and 4°C. 
After ½ h, a light suspension (pyridinium chloride) appeared. The mixture was 
filtered and the liquid slowly added to a vigorously stirred mixture of de-ionized 
water (500 mL) and crushed ice (500 g) and maintained under stirring for 2 hours. 
The white precipitate was then filtered off and washed with cold water. The product 
was dried under vacuum to obtain the white powder of TMMO (16.2 g, 63 mol%).  
2.5.3 Synthesis of BCMO 
A 1L four-necked round bottomed flask, kept under nitrogen atmosphere and 
equipped with a mechanical stirrer, a condenser, an addition funnel and a 
thermometer, was fed with 50g (0.37 mol) of pentaerythritol and 90g (1.14 mol) of 
pyridine. The solution was heated to 75 °C to incre ase the solubility of 
pentaerythritol in pyridine. Under vigorous stirring, 135 g of thionyl chloride were 
added dropwise in 2 h in order to maintain the temperature of the orange reaction 
mixture between 70 and 90 °C. When feeding was comp leted, the reaction mixture 
was heated to 110-120 °C and kept at this temperatu re for 5-6 h, until no further 
acidic gases were developed; then the flask was slowly cooled and 250 mL of 
distilled water were added under vigorous stirring. A solid brown-yellow product 
was recovered by filtration and washed with 500 ml of distilled water. The 
crystalline product was dried overnight at 40 °C an d 15 mmHg. 
The 1H-NMR spectra confirmed the chemical structure of the product. 
1H-NMR spectrum of (I): δ (ppm) 5.21 (t, 1H, OH), 3.68(s, 8H, 4CH2), 3.60 (s, 6H, 
3CH2), 3.39 (d, 2H, CH2). 
An amount of 34.7 g of raw product was obtained with purity and yield of 88 mol% 
and 43.1mol%, respectively. The raw product was used directly in the next step of 
the synthesis. 
A 1L four-necked round bottomed flask, equipped with a mechanical stirrer, a 
condenser, an addition funnel and a thermometer, was fed with 34.7 g (0.16 mol) of 
pentaerythritol trichloride (I), obtained as described above, and 100 mL of ethanol. 
The funnel was charged with 75 ml of NaOH in ethanol (2.1 mol/L, 0.16 mol), which 
was quickly added to the reaction mixture. The solution was refluxed (71 °C) under 
stirring, for 15 min. During this step, the formation of a solid product (NaCl) was 
observed. The reaction mixture was then cooled and sodium chloride was filtered 
off and extracted twice with 50 mL of ethanol. 
The recovered phases were combined and extracted with 400 mL of distilled water 
to remove the ethanol. The organic phase was separated, while the aqueous one 
was extracted three times with 100 mL of ethyl ether to recover the reaction 
product. The ether resulting from the three combined extractions was added to the 
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organic phase and the mixture was dehydrated with MgSO4 and concentrated at 
atmospheric pressure by evaporation of ethanol and ether. 
The residual viscous oil was distilled with a spinning band microdistiller and 17.5 g 
(68.8 mol%) of BCMO were obtained (64°C, 8 mmHg). 
The FT-IR and 1H-NMR spectra confirmed the chemical structure of the product. 
FT-IR spectrum of BCMO: ν (cm-1) 2955 (νas CH2), 2872 (νs CH2), 1441 (δ CH2), 
1279 (ω CH2Cl),  1237 (νs C-O-C), 984 (νas C-O-C), 860 (νs C-C-O ring ),  734 (ν 
C-Cl). 
1H NMR spectrum of BCMO in CDCl3: δ (ppm) 3.83 (s, 4H, CH2Cl), 4.35 (s, 4H, 
CH2O). 
2.5.4 Synthesis of BTMO 
A 250 mL three-necked round bottomed flask, equipped with a mechanical stirrer, 
an addition funnel and a thermometer, kept under nitrogen atmosphere, was fed 
with 0.345 g of NaH dispersion (60%) in mineral oil. A quantity of 4.5 g of re-
crystallized 3-O-tosyl-2,2-bis(tosyloxymethyl)-propan-1-ol (III) was dissolved in 80 
mL of anhydrous and freshly distilled toluene; the homogeneous solution was 
dropped in the flask, kept to 0°C by an ice-water b ath. After 30 minutes, the bath 
was removed and the reaction was kept at room temperature, until the bubbling of 
H2 stopped (about 18 h). The solution was filtered to remove solid NaOTs, and 
dropped into cold ethanol, under vigorous stirring. A white solid was formed, 
filtrated off from ethanol and finally re-crystallized in a methanol/acetone (6:1 v/v) 
mixture. The obtained crystals (2.42 g, 75.5 mol%) were dried under vacuum at 
70°C and characterized by spectroscopic and calorim etric analysis which 
confirmed the expected chemical structure of the product. 
2.5.5 Synthesis of BBrMO 
A 1L four-necked round bottomed flask, equipped with mechanical stirrer, 
condenser, addition funnel and thermometer, was fed with 100 g (0.31 mol) of 2,2-
bisbromomethyl-3-bromo-propan-1-ol, and 150 ml of ethanol. The funnel was 
charged with 200 ml of a solution of NaOH in ethanol, (1.77 mol/L, 0.35 mol), which 
was rapidly added to the reaction mixture. The solution was refluxed (71 °C) under 
stirring for 1 hour. During this step, the formation of a solid product (NaBr) was 
observed. The reaction mixture was cooled the sodium bromide was filtered off and 
extracted twice with 100 mL of ethanol. 
The recovered phases were combined and extracted with 400 mL of distilled water 
to remove the ethanol. The organic phase was separated, while the aqueous one 
was extracted three times with a mixture of methylene chloride and ethyl ether to 
recover the residual reaction product. The organic phases were combined, dried 
with MgSO4 and finally evaporated at atmospheric pressure to remove ethanol and 
ether. 
The residual viscous oil was distilled and 53.3 g (70.5 mol%) of BBrMO were 
obtained (105-108°C, 16 mmHg). 
The FT-IR and 1H-NMR spectra confirmed the chemical structure of the product. 
2.5.6 Synthesis of AMMO-classical procedure 
A three necked flask, equipped with mechanical stirrer, condenser and 
thermometer, was fed with 5 mL (density≈1.09 g/mL) of CMMO, 3.6 g of NaN3 and 
25 mL of N,N-dimethylformamide. The solution was heated to 95 °C for two hours 
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under stirring in a nitrogen atmosphere. After cooling to room temperature, the 
reaction mixture was extracted with 200 mL of water and then with 25 mL of 
CH2Cl2. 
The organic phase was separated, extracted twice with 75 mL of water, dried with 
MgSO4 and concentrated. 
The remaining pale-yellow oil was finally purified in a spinning band microdistiller, 
yielding 3.2 mL (65.5 mol%) of AMMO (d=1.17 g/mL) at 28 °C, 1 mmHg. 
The FT-IR and 1H-NMR spectra confirmed the structure of the product. AMMO was 
stored at 4 °C in the absence of light. 
2.5.7 Synthesis of BAMO-classical procedure 
A three necked flask, equipped with mechanical stirrer, condenser and 
thermometer, was fed with 8 g of BCMO, 7.7 g of NaN3 and 40 mL of N,N-
dimethylformamide. The solution was heated to 95 °C  for two hours under stirring 
in a nitrogen atmosphere. After cooling to room temperature, the reaction mixture 
was extracted with 250 mL of water and then with 50 mL of CH2Cl2. The organic 
phase was separated, extracted twice with 150 mL of water, dried on MgSO4 and 
concentrated. The remaining pale-yellow oil was purified in a spinning band 
microdistiller, yielding 6.6 g (75.5 mol%) of BAMO at 56-57 °C, 1 mmHg. 
The FT-IR and 1H-NMR spectra confirmed the structure of the product. 
2.5.8 Synthesis of AMMO-PTC procedure 
A three-necked flask, equipped with mechanical stirrer, condenser and nitrogen 
inlet-outlet, was fed with an aqueous solution of NaN3 and TBAB (respectively 8.2 
g, 0.126 mol and 0.41g, 1.26 mmol in 40 mL of water) to which TMMO (27 g, 0.105 
mol) was added under stirring in nitrogen atmosphere. The mixture was heated at 
reflux temperature (95-105°C) for 4.5 h, then coole d to room temperature and 50 
mL of CH2Cl2 were added to wash the aqueous phase. Finally, the two layers were 
separated and the aqueous one was washed three times with 90 mL of CH2Cl2. 
The organic phases were combined and, after evaporation of the solvent, the raw 
product was distilled (64-65°C, 10 mmHg) to give 11 .9 g (0.094 mol, 89 mol%) of 
AMMO (>99.5% purity by 1H-NMR analysis).  
2.5.9 Synthesis of BAMO-classical procedure 
A three-necked flask, equipped with mechanical stirrer, condenser and nitrogen 
inlet-outlet, was fed with an aqueous solution of NaN3, TBAB and NaOH 
(respectively 12.2 g- 0.188 mol, 0.61g- 1.89 mmol, 0.14 g – 3.5 mmol  in 60 mL of 
water) to which BBrMO (21.2 g, 0.087 mol) was added whilst stirring under nitrogen 
atmosphere. 
The mixture was heated at reflux temperature (95-105°C) for 24 h, then cooled to 
room temperature and 50 mL of CH2Cl2 were added to wash the aqueous phase. 
After a period of vigorous stirring, the two layers were separated and the aqueous 
one was washed three times with 90 mL of CH2Cl2. The organic phases were 
combined and, after evaporation of the solvent, the raw product was distilled (90-
92°C, 2 mmHg) to give 11.1 g (0.066 mol, 76 mol%) o f BAMO (>99.5% purity by 
1H-NMR analysis). 
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2.5.10 Polymerization procedure 
A flask kept under nitrogen atmosphere and magnetically stirred, was fed with 
triethyloxonium hexafluorophosphate and 1,4-butanediol in dichloromethane 
solution. After stirring for 1 h, the monomer was slowly added, while the flask was 
cooled by immersion in an ice-water bath. After one hour, the reaction mixture was 
kept at room temperature under stirring for 24h. The polymer was recovered by 
solvent evaporation and precipitation in cold water. After centrifugation and three 
more washings with methanol and ethylic ether, the polymer was dried under 
vacuum at 50 °C overnight. 
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 3.SELECTION OF THE SYNTHETIC ROUTE 
As previously discussed in Chapter 1, the azido polymers can be prepared through 
two synthetic routes, as listed below: 
• Introduction of the azido groups on the side chains of suitable oxetanic 
monomers which are then homo- or copolymerized 
(azidation/polymerization route APR). This strategy has been already 
discussed in the previous chapter. 
• Synthesis of polyethers with suitable leaving groups (i.e. halogenated or 
tosylated) in the side chains and subsequent introduction of the azido 
groups, by nucleophilic substitution directly on the polymeric substrate 
(polymerization/azidation route PAR). 
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Fig.3.1- APR and PAR for BAMO 
Many azido polyethers (i.e. pAMMO, random copolymer BAMO-AMMO and 
BAMO-THF) were synthesized, during the last twenty years, by living-cationic 
polymerization (APR). The main limit of this synthetic route is related to safety, as it 
involves the handling and storage of azido monomers which are considerably more 
unstable and shock-sensitive than the corresponding homopolymers. The high 
sensitivity of 3-azidomethyl-3-methyloxetane (AMMO) and 3,3-bis-azidomethyl 
oxetane (BAMO) is negligible on the lab-scale, if the monomers are handled with 
care, but it may be critical for up-scaled processes. For this reason, direct azidation 
of preformed oxetane polymers would certainly be much safer as it would allow 
bypassing the preparation of dangerous monomers. 
The comparison of the mechanical sensitivity data of AMMO and BAMO with those 
of their homopolymers (Table 3.1), points out the advantages of the PAR process. 
The PAR strategy hasn’t been deeply investigated for polyoxetanic substrates as 
yet, although it was used for polyoxiranes, particularly for the GAP synthesis from 
low molecular weight poly-epichlorohydrin. The only example of PAR strategy, 
applied to polyoxetanic substrates, was reported for the copolymer BCMO/ε-
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caprolactone (ε-CL) by Jutier [1999] who pointed out the drastic slowness of the 
azidation; in fact the time necessary for the complete displacement of the leaving 
groups was between 1 and 20 days, depending on the percentage of ε-CL units. 
 
Polymers Monomers 
Sample 
pAMMO pBAMO AMMO BAMO 
Decomposition  
Temperature (°C) 244 258 Not observed Not observed 
Impact Test (J) Explosion 
not observed 
Explosion 
not observed 
19.6 0.49 
Friction Test (Kg) 36 36 6 4 
Tab. 3.1- Comparison between sensitiveness properties of azido compounds. 
 
Thus, our further experimental work was mostly focused on the study of PAR, since 
some preliminary tests of azidation performed on polyoxetanic substrates were 
very encouraging, as it will be shown in the next paragraphs; in fact, if the leaving 
groups were opportunely selected, such reaction, though slow, was always 
quantitative in spite of the greater kinetic hindrance of the polymeric chains towards 
the nucleophilic substitution. Anyway, the advantage of handling safest compounds 
is supposed to overcome the drawback of a slower reaction for up-scaled 
processes.  
3.1 Preliminary synthesis of azido-polymers through PAR 
As previously discussed, pAMMO and pBAMO are respectively amorphous and 
crystalline because of their different molecular symmetry; therefore, only pAMMO 
can be employed as homopolymer to produce a suitable elastomeric network for 
binder technology. 
On the other side, pBAMO would grant the best energetic performance, since its 
monomeric units have the greatest N-content (BAMO 50 wt%, GAP 42 wt%, 
AMMO 33 wt%) among the azido monomers. Unfortunately, the high crystallinity of 
BAMO forbids its employment as homopolymer in binder formulations; therefore a 
breakage of the structural regularity of pBAMO’s chains would be needed in order 
to assist the “processability” of the polymer. 
For this reason, our working hypothesis was the random introduction of an 
energetic co-monomer in a minimal amount, sufficient for inducing amorphous 
properties into the material without a strong reduction of its energetic properties; in 
this respect, AMMO or the glycidyl azido (GA) unit could be good candidates as co-
monomers of BAMO. 
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3.1.1 Homopolymers synthesis 
TMMO and CMMO were respectively homopolymerized through the living cationic 
system boron trifluoride etherate/1,4 butanediol (TFBE/BDO 1:1, reaction time 
48h). The yields of both homopolymerizations were very high (87.4 % for pTMMO 
and 75.9 %, for pCMMO). The FT-IR and 1H-NMR spectra confirmed the chemical 
structures of both products; the molecular weight of pTMMO was quite low 
(Mn=4416, Mw=8876, Mw/Mn=2.01, GPC detection), as required by the specific 
application of the azido polymer derivative. 
 
Fig. 3.2- FT-IR spectrum of pTMMO. ν (cm-1): 2881 (νs CH2), 1602 ( ν C-C aromatic 
ring) , 1462 (δ
 
CH2), 1356 (νas S(=O)2), 1179 (νs S(=O)2), 1100(δs  C-H aromatic 
ring), 968 (νas C-O-C, νas S-O-C ), 845 (νas C-C-O oxetanic ring, , νs  S-O-C ), 668 
(ω C-H aromatic ring). 
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Fig. 3.3- 1H-NMR spectrum of pTMMO (CDCl3 –d3, 600 MHz):  (ppm), 7.76-7.35 
(4H, dd, aromatic ring), 3.80(2H, s, CH2OTs ), 3.08 (2H, s, CH2O main chain), 2.42 
(3H, s, CH3 aromatic ring), 0.75 (3H, s, CH3). 
3.1.2 Azidation of homopolymers 
Concerning the APR process, it is well-known that 3-halomethyl oxetanes react 
with nucleophilic agents, so that the halogen atoms can be easily displaced under 
mild conditions and within a relatively short reaction time, since the oxetanic ring is 
able to enhance the azidation kinetics.  
Of course, the homopolymerization of such heterocyclic structures leads to ring-
opened polyoxetanic chains; thus, if azidation is carried out on those substrates, 
the rate of displacement of the leaving groups is lower and the reaction cannot be 
completed, even with long reaction times, according to the kind of polymeric 
precursor. 
For instance, the azidation of pCMMO was incomplete even after 240h, as shown 
by the permanence of the C-Cl peak, at 745 cm-1 in the FT-IR spectrum (Figure 
3.4). 
This slow kinetic behaviour was attributed to the scarce leaving tendency of 
chlorine atoms, as expected from the “mobility scale” of halogens (I->Br->Cl->F-) 
towards SN2 reactions in DMSO. 
Besides the halogen atoms, other promising leaving groups are alkyl- or benzyl-
sulfonate derivatives, whose position is generally between bromine and iodine in 
such “mobility scale”; for instance, p-tosyloxysulfonate (or tosyloxy group) is usually 
employed for slow-rate SN2 reactions, because of its low-cost availability and its 
suitable mobility towards nucleophilic agents. For this reason, pCMMO was 
replaced by pTMMO in further azidation tests of polymeric substrates. 
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Fig.3.4-Comparison between FT-IR spectra of pCMMO before and after azidation 
(240h). 
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Fig. 3.5- pTMMO and tosyloxy group 
As discussed in Chapter 2, the azidation performed under PTC conditions works 
well for oxetanic monomers; unfortunately PTC process is not suitable for 
polymers, because they are still too viscous at 100°C, which is the upper 
temperature limit for this kind of reaction, and this hinders the mobility of azido 
groups in the organic layer. A further test of azidation under PTC conditions was 
carried out by dissolving the polymer in toluene, but it failed, probably due to both 
the low concentration of the polymer in the organic layer and the low azidation 
temperature (84 °C corresponding to the boiling poi nt of azeotropic mixture 
water/toluene). Only about 10 eq% of tosyl groups were substituted by the azido 
ones after 10 days of reaction. 
For this reasons, the following azidation tests of pTMMO were carried out under 
the classic procedure, by employing DMF as dipolar and aprotic medium, at 95°C 
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and a NaN3 excess of 150 eq% with respect to the stoichiometric value. The 
solubility of NaN3 in DMF is low (about 4.9·10-3 g/mL at 95°C) and the saturation 
limit was reached under those operating conditions. After 100 hours of azidation, 
FT-IR spectroscopy showed that the characteristic peaks of the tosyl groups (i.e. 
1356 cm-1 1179 cm-1 and 846 cm-1) completely disappeared, while the intensity of 
the peaks of the azido groups (2100 cm-1 and 1283 cm-1, asymmetrical and 
symmetrical N3 stretching, respectively) rose to values comparable to those of a 
pAMMO sample, synthesized by homopolymerization of AMMO (Figure 3.6). This 
result was confirmed by 1H-NMR spectrum which showed the characteristic peaks 
of pAMMO at 3.285, 3.234 ppm (CH2O and CH2N3) and 0.969 (CH3) (Figure 3.7); 
the percentage of tosyl groups, displaced by azido ones in the polyoxetanic 
substrate, was calculated at 99.2 eq% after a reaction time of 100h. 
 
Fig. 3.6- Comparison among FT-IR spectra of pTMMO, pAMMO (obtained by 
homopolymerization of the respective monomer) and azidated pTMMO. The 
dashed lines are located at: 2100 cm-1 υas(N3), 1283 cm-1 υs(N3  ), 1356 (νas 
S(=O)2), 1179 (νs S(=O)2) and 846 cm-1. 
In conclusion, the complete azidation of pTMMO was obtained in DMF, even if its 
kinetic was not completely satisfactory. After replacing of DMF with DMSO, the 
complete azidation of pTMMO was achieved under the same experimental 
conditions (T=95°C, NaN 3 excess=150 eq%) in almost a third of the time necessary 
in DMF (about 40 h). 
The main reason for such a difference between the two solvents is related to the 
greater solubility of NaN3 in DMSO than in DMF. In fact, the higher saturation 
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threshold (0.071 g/mL in DMSO against 0.0049 g/mL in DMF, T=95°C) increases 
the instantaneous concentration of dissolved sodium azide, and this favours the 
kinetics of the azidation in DMSO, despite the fact that DMSO activity coefficient of 
azido group is lower than that of DMF (respectively 3.5 and 4.9 [Parker, 1969]). 
 
Fig. 3.7-. Comparison between 1H-NMR spectra of pTMMO, pAMMO (obtained by 
homopolymerization of the respective monomer) and azidated pTMMO (DMF, 100 
h, 150 eq% NaN3 exc.). 
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3.1.3 Copolymers syntheses 
This preliminary tests were carried out by setting the initial monomeric molar ratio 
equal to one ([BXMO]0=[ECH]0, where X=Cl, Br). 
The FT-IR spectra of copolymers, referred as “A” and “2” in (Table 3.2), are 
reported in Figure 3.8; the bands at 745 and 696 cm-1 were assigned to the C-Cl 
stretching of ECH and BCMO units, respectively, while the presence of bromine 
atoms is revealed by the peak at 607 cm-1. The exact composition of the copolymer 
BCMO/ECH was determined by 1H-NMR spectroscopy, which showed a peak at 
3.47 ppm assigned to methylenic protons of BCMO nearby the oxygen atoms in the 
main chain. Unfortunately, the same detection wasn’t possible with the copolymer 
BBrMO/ECH because the peaks resulted superposed in its 1H-NMR spectrum. 
Quantitative analysis of the monomeric units of the copolymer was thus performed 
by 13C-NMR (Figure 3.9); in this way, the peaks of CH2Br and CH2Cl resulted at 
36.0 and 44.7 ppm, respectively. Even if the latter peak was overlapped with that of 
the quaternary carbon of BBrMO, the composition of the copolymer was 
determined and resulted equal to about 60-70 mol% in BXMO units for all 
copolymerizations, starting from an initial monomer ratio equal to one. This result 
was also confirmed by integration of the two peaks at 71.0 and 69.9 ppm, relative 
to secondary carbons of the BBrMO and ECH units. 
Cmon 
 
Cinitiator 
 
Cpoly-ol 
 
Ratio 
BDO/I 
Polym. 
time 
Yev(a) 
 
Ypr(b) 
 
Mn(c) 
GPC 
Mw/Mn BXMO 
 
 
mol/L mol/L mol/L  h % %   % 
BCMO/ECH 
A 0.88 8.8⋅10-3 (f) 0.0176(e) 2 72 37.7 28.9 4164 1.3438 60 
B 0.88 0.0176(f) 0.0176(e) 1 24 83.9 64.3 3845 1.4875 72 
C 0.88 0.0176(f) 0.0176(e) 1 72 84.2 58.4 3387 1.4864 67 
D 0.88 0.0176(f) 8.8⋅10-3 (e) 0.5 72 89.5 62.5 1922 1.4071 57 
BBrMO/ECH 
2 2.95 0.074(f) 0.074(g) 1 72 85.6 46.0 - - 67 
3 2.85 0.074(h) 0.074(g) 1 24 52.1 28.7 - - 71 
4 2.95 0.074(h) 0.11(e) 1.5 24 72.7 17.2 - - - 
4g 2.95 0.074(h) 0.11(e) 1.5 24 63.3 11.0 - - - 
a
 Yield referred to copolymer obtained through solvent evaporation. 
b Yield referred to copolymer purified by precipitation in methanol from CH2Cl2 solution. 
c Mn referred to purified product. 
e
 Poly-ol = butanediol (BDO). 
f Initiator (I) = TEOFF 
g
 Poly-ol = 1,1,1-(trishydroxymethyl) oxetane 
h
 Initiator (I) = boron trifluoride etherate (TFBE) 
Tab.3.2- Copolymerization BXMO/ECH (initial monomeric ratio=1/1). 
However, it is important to underline that the measured composition strictly 
depends on both the initial monomer concentration and the purification process of 
the copolymer. In fact, the lowest molecular weight and highest ECH content 
chains remain in solution, when the copolymer is recovered by precipitation with 
methanol. For instance, the molecular weight of copolymer “C” rose from Mn=2878 
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to Mn=3387 after purification. This means that the purification process implies a 
“fractionation” of the polymer, leading to a product with higher molecular weight 
and lower ECH content. 
Anyway, copolymers ECH/BXMO 30/70 cannot be employed in the binder 
technology; in fact, after azidation, such amount of oxiranic units resulted 
unsuitable to break up the high structural regularity of BAMO and the product was 
still partly crystalline. Further copolymerization tests indicated the ratio 
ECH/BBrMO 75:25 as the best one, aiming at the optimization of both the energetic 
properties and the morphology of the copolymer. [Barbieri, 2005] 
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Fig. 3.8- FT-IR spectrum of BBrMO/ECH, BCMO/ECH copolymers. 
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Fig.3.9- 13C-NMR of copolymer ECH/BBrMO 
3.1.4 Azidation of copolymers 
The substitution reaction of N3 is a typical SN2 mechanism as it involves the 
simultaneous formation and breakage of molecular bonds. The azido groups allow 
the substitution of halogen atoms on 3-halomethyl substituted oxetanes (whose 
structures are similar to those of neopentyl halides, kinetically slow toward SN2 
reactions) with good yield and reasonably short reaction time, despite their 
moderate nucleophilic character. This behaviour was previously explained by 
supposing that the oxetanic ring, that binds the halomethylenic groups, restricts 
their position in a less hindered one, favourable to the nucleophilic substitution. 
If the azidation is performed on polyoxetanic backbones, the rate of reaction is 
expected to be lower than on oxetanes, because of the lack of the heterocyclic 
ring. Nevertheless, the displacement of the leaving groups can be complete, like in 
the azidation of pECH in DMF. Therefore, this procedure was extended to the 
copolymer BCMO/ECH, to investigate the azidation of ring-opened oxetanic 
structures. Unfortunately, it was not possible to test the azidation directly on 
pBCMO because of its high crystallinity, which restricts its solubility in the aprotic 
and polar solvents (like DMF or DMSO), mostly used in nucleophilic substitution 
reactions. 
The count of azido groups was not possible through 1H-NMR analysis, due to peak 
overlapping; therefore the percentage of azido groups, introduced on the 
copolymer ECH/BCMO, was semi-quantitatively determined by FT-IR analysis, 
looking at the growth of the characteristic absorption of N3 group (2100 cm-1) and 
the simultaneous decreasing of C-Cl peaks (700-745 cm-1) during the azidation 
(Table 3.3). 
 
  
50 
Copolymer 
composition 
 
NaN3 
excess 
 
Reaction time 
 
Percentage of 
introduced 
azido groups 
% BClMO eq% h eq% 
60 15 3 35 
67 15 24 55 
67 45 24 65 
67 100 24 60 
67 15 29 70 
67 15 34 75 
72 15 24, 48, 120 60, 65, 85 
Tab. 3.3- Azidation test on BCMO/ECH copolymers of different compositions 
Table 3.3 shows that the azidation of such copolymeric substrate was not 
completely achieved for short reaction times, despite the large excess of NaN3 
employed. In fact, BCMO has two CH2Cl on the same quaternary carbon atom and 
it probably enhances the steric hindrance of the backbone. On the contrary, the 
steric hindrance of pECH is surely lower, since the monomeric units is an oxirane 
with only one chloromethylenic group, thus increasing the rate of the reaction which 
is complete in few hours. Moreover, the azido groups are polar and weakly 
electron-accepting and they could therefore interact with the chlorine bonded to a -
CH2 of the same monomeric unit during the azidation. This interaction may 
decrease the -Cl mobility and consequently its ability to leave the polymeric 
substrate. 
Even if the incomplete displacement of chlorine atoms does not compromise the 
energetic properties of the copolymers, which abruptly decompose around 227°C, 
it leaded us to replace the chlorine atoms with bromine, as leaving groups of the 
oxetanic units. In fact, the greater molecular radius of bromine should assist its 
tendency to leave the polymeric backbone. Thus, the next azidation tests were 
performed on the copolymer BBrMO/ECH = 33/67, in DMF at 95 °C with a 20 mol% 
excess of NaN3; the displacement of bromine atoms by azido groups was 
completely achieved, even if it required a quite long reaction time (about 96 h). 
Figure 3.11 shows that the characteristic peaks of the azido group (2530 cm-1 
2νs(N3), 2100 cm-1 νas(N3), 1290 νs(N3), 553 cm-1 N3 bend) are present, while the 
bands corresponding to C-Br (605 cm-1) and C-Cl (752 cm-1) bonds completely 
disappear after azidation. The complete substitution was confirmed by comparing 
the 13C-NMR spectra detected before (Figure 3.9) and after (Figure 3.11) azidation. 
Figure 3.11 shows a new peak at about 52 ppm, corresponding to the secondary 
carbons of the side chains bonded to N3 group, while there is no evidence of CH2Br 
(around 35-36 ppm). 
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Fig. 3.10- Comparison between FT-IR spectrum of BBrMO/ECH copolymer before 
and after azidation. 
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Fig.3.11- 13C-NMR spectra of copolymer BBrMO/ECH after azidation (96h). 
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As expected, the obtained azido copolymer (Mn=6700, Mw/Mn=2.21, N-
content=48.3 wt%) showed energetic properties, due to the exothermic 
decomposition of the azido groups at around 240°C, with a relative weight loss of 
35.5 wt%, a value which is quite close to 32.3 wt%, corresponding to the release of 
a N2 molecule from each azidic group (Figure 3.12). 
CH2N3
CH2N3
CH
CH
NH
NH +     2 N2
Fig.3.12- decomposition of azido groups 
Any other decomposition peaks were not observed by increasing the temperature 
to 400°C; however the sample weight loss slowly con tinued, due to the progressive 
breakage of the macromolecular chains of the polymer. 
3.2 Selection of pAMMO precursors 
The advantages of the APR strategy were previously discussed and our choice 
was to examine it closely in order to develop a new and safer way for synthesizing 
azido polymers. Concerning pAMMO, the preliminary tests of azidation were very 
encouraging towards the continuation of  these studies, whose results will be 
shown in Chapter 4. 
Anyway, the synthetic ways involve the conversion of HMMO to a chlorinated or 
tosylated material. For this reason, the syntheses of CMMO and TMMO were 
compared in order to select the most suitable one. Their main features are listed as 
follows: 
• It emerges from some preliminary evaluations that the costs of raw 
materials and solvents are comparable for both the syntheses. After 
purification, the yields are 53 mol% for CMMO and 63 mol% for TMMO. 
• TMMO is a solid product which can be easily recovered by precipitation in 
water and purified by re-crystallization in ethanol; CMMO is a liquid and it 
must be purified by distillation. Thus, the handling of TMMO is supposed to 
be easier and the costs of its purification cheaper than those estimated for 
CMMO from the point of view of a further scale-up step. 
• Actually no product or co-product of both processes owns an important 
market value. 
• In the synthesis of CMMO, CCl4 is both the solvent and the chlorination 
agent of the synthesis; unfortunately, it is a strong carcinogen; moreover 
CCl4 can be just partially recycled to the reactor, because it is transformed 
into CHCl3 during the process. For this reason, an up-scaled synthesis of 
CMMO will imply a continuous addition to the reactor of fresh CCl4, 
undoubtedly inadvisable for the environmental safety and the health of the 
operators. 
• If pAMMO is synthesized by azidation of a homopolymeric substrate, 
CMMO is not suitable, due to the unfavourable kinetics of the azidation of 
pCMMO; on the contrary, the tosylated groups of TMMO assist the 
reaction which is quantitative. 
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• If the aim is the synthesis of AMMO by a PTC synthesis, the use of TMMO 
should be comparable to that of CMMO in terms of yields, effluents and 
estimated costs of the process. 
For these reasons, we concluded that TMMO should be preferred to CMMO among 
the precursors of AMMO, at least until a higher-yield and free-CCl4 synthesis of 
CMMO will become available. Moreover, concerning the APR strategy, only 
pTMMO assures the complete azidation of the polymeric substrate. Therefore, we 
selected TMMO as the monomeric precursor of pAMMO. The APR strategy for 
pAMMO will be deeply discussed in Chapter 4. 
3.3            Selection of GA/BAMO precursors 
Similarly to pAMMO, the preliminary tests of azidation of the copolymer 
ECH/BBrMO were very encouraging and induced us to persist in these studies, 
whose results will be shown in Chapter 5. 
However, since both synthetic routes (PAR or APR) involve a two-steps synthesis 
of the oxetanic precursor (conversion of pentaerythritol to an halogenated or 
tosylated material and ring closure), the syntheses of BCMO, BBrMO and BTMO 
were compared to select the most suitable one. Their main features are listed as 
follows: 
• BCMO and BTMO must be prepared by a two-steps synthesis, starting 
from pentaerythritol, since the chlorinated/tosylated intermediates are 
commercially unavailable; on the contrary BBrMO can be purchased from 
Eurobrom, an Israeli chemical company. 
• It emerges from a preliminary evaluation of the costs of the reagents used 
in the first step of BCMO and BTMO syntheses that the production of 
BCMO should be more expensive than that of BTMO. In fact, although the 
cost of the reactants (SOCl2 and TsCl respectively for BCMO and BTMO) 
is comparable, it should be considered that SOCl2 is strongly corrosive and 
it must be kept as anhydrous as possible to avoid hydrolysis; finally the 
cost of a suitable system of SO2 capture should be counted in the 
economic balance of such process. 
• The neat yields of the synthesis of chlorinated and tosylated intermediates 
are low, respectively 44 mol% and 40 mol%, even if these values are 
strongly affected by the ratio PE/SOCl2(TsCl) used in the synthesis. The 
value of this ratio should be optimized before starting any up-scaling of 
these intermediates, to maximize the yield of the desired product. Anyway, 
the formation of tetra-chlorinated PECl4 (or tosylated PETs4) product 
cannot be avoided, due to the low regioselectivity of both reactions. 
• No product or co-product of both processes owns an important market 
value. 
• The costs of the cyclization reaction for BCMO and BBrMO are very 
similar, since the reactants and the purification processes are exactly the 
same. The use of NaH as alkaline system should imply more additional 
costs for BTMO, both for the purchase of this reactant and also for the 
handling of the process. In fact, NaH is strongly alkaline and it 
spontaneously reacts with water by generating hydrogen. For this reason 
the handling of NaH, negligibly care-demanding on lab-scale, may become 
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problematic for an up-scaled process, and additional costs are possible for 
the safety of the processes and the choice of the materials. 
• The yields of the ring-closure reaction are 68.8 mol%, 70.5 mol% and 75.5 
mol% for BCMO, BBrMO and BTMO respectively. The purification of 
BCMO and BBrMO, liquids, is carried out by a distillation process, while 
that of BTMO by a re-crystallisation equipment. 
• NaBr, NaCl and NaOTs, co-products of each second step of reaction, have 
a scarce market value; in the ring-closure of BTMO it is also generated H2 
which may be recycled as fuel in the process. 
• While the copolymer GA/BAMO is synthesized by the 
polymerization/azidation route, BTMO is unsuitable for this pathway, 
because some lab-scale tests showed that the polymerization of this 
monomer is more problematic than those of BCMO and BBrMO. 
• While the copolymer GA/BAMO is synthesized by azidation of a polymeric 
substrate, BCMO is unsuitable for this route, due to unfavourable kinetics 
of the ECH/BCMO copolymer azidation; on the contrary, the bromine 
atoms of BBrMO assist the reaction which is quantitative for the copolymer 
ECH/BBrMO. 
• To obtain the synthesis of BAMO by a PTC, the uses of BCMO, BBrMO 
and BTMO are comparable in terms of yields, effluents and estimated 
costs of the process. 
We concluded that BBrMO should be preferred to BCMO and BTMO among BAMO 
precursors, at least until the respective chlorinated and tosylated intermediates will 
not be commercially available. Moreover, if the preferred synthesis is the 
polymerization/azidation route, BTMO is unsuitable due to the low yields obtained 
by its polymerization, while BCMO does not assure the quantitative azidation of the 
polymeric substrate if this oxetane is co-polymerized with epichlorohydrin. 
For these reasons, we selected the copolymer ECH/BBrMO as precursor of the 
energetic GA/BAMO; the APR strategy for this copolymer will be deeply discussed 
in Chapter 5. 
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4 PAMMO SYNTHESIS BY POLYMERIZATION/AZIDATION  
ROUTE 
As discussed in the preceding chapters, the polymerization/azidation route was 
selected for the synthesis of energetic poly-azidoxetanes because it allows to by-
pass the preparation and purification steps of highly shock-sensitive azido 
monomers, with a considerable gain in terms of process safety. 
Some preliminary kinetic tests on the azidation of polymeric substrates 
demonstrated that pTMMO and the random copolymer ECH/BBrMO are suitable 
candidates as precursors of pAMMO and copolymer GA/BAMO, respectively. In 
fact, the leaving groups of their side chains (tosyloxy groups for pTMMO, chlorine 
and bromine for ECH/BBrMO) are quantitatively displaced by azido groups, even if 
in a reaction time longer than that necessary for the synthesis of AMMO and 
BAMO from their non-energetic precursors. Therefore, the polymerization/azidation 
route for poly-azidoxetanes was selected, since the handling of safest compounds 
was considered to overcome such kinetic limitation for up-scaled processes. 
Concerning pAMMO, the polymerization/azidation route is shown below: 
  
Fig. 4.1-Low-risks synthesis of pAMMO 
The kinetic behaviour of the azidation performed on pTMMO, was therefore studied 
to find the optimal operating conditions for the displacement of the leaving groups; 
moreover, a particular attention was paid to the number of OH end-functionalities, 
which strongly influences the final curing with a di or tri-isocyanate to produce the 
poly-urethanic rubber, which acts as the propellant binder.  
4.1 Living cationic polymerization of cyclic ethers 
The cationic homo- and co-polymerizations of cyclic ethers in the presence of a 
polyol and a Lewis acid and, particularly, the supposed mechanism of the 
polymerization involved were deeply investigated in the last twenty years [Penczek, 
2007]. 
In Figures 4.2/4.3/4.4, the four steps of such mechanism, referred to a monomeric 
mixture of TMMO catalysed by boron trifluoride etherate (TFBE) and 1,4-butanediol 
(BDO), are summarized. 
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4.1.1Formation of the complex TFBE/BDO 
In the first step, the catalyst and the diol are introduced into the reactor without the 
monomer so that they can form the initiating complex. 
 
Fig. 4.2-Formation of the complex TFBE/BDO 
4.1.2 Initiation 
The monomer is then added to the catalytic mixture and it reacts by exchanging a 
proton with the initiating complex, to form a secondary cyclic oxonium cation 
(“activated monomer”). 
 
Fig. 4.3-Initiation of the chains 
4.1.3 Propagation 
If the cationic polymerization of cyclic ethers is carried out in presence of 
compounds containing hydroxyl groups, the chains may propagate with both AMM 
and ACE. The main difference between these two ways of propagation is that the 
growing chains are charged in ACE and neutral in AMM. Because of the absence 
of active centres at the chains ends, the termination reactions are highly reduced 
by AMM which has a “living” character; on the contrary, the ACE propagation leads 
to termination events, such as the back-biting, which generate oligomeric species. 
These species are usually supposed as cyclic and without OH end-functionalities 
(see 4.1.4). 
If the chains grow only through AMM, the final polymeric product is free of 
oligomers and the average number molecular weight Mn, is given by the simple 
relation Mn=([M]0/[I]0)·MW, where MW is the molecular weight of the monomer, [M]0 
and [I]0 are the initial concentrations of monomer and hydroxylic initiator, 
respectively. Moreover, the number of hydroxylic groups for each chain is expected 
to be equal to the number of functionalities on the polyol used as initiator. 
Unfortunately, a competition between AMM and ACE is always possible and ACE 
is favoured by the presence of a high concentration of OH groups. This means that, 
being AMM the preferred mechanism, the polymerization should be carried out by 
slowly adding the monomers to the reaction mixture, to kinetically hinder the ACE 
propagation. 
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Fig. 4.4-Supposed “living”(AMM) and “not living”(ACE) propagation of the chains 
4.1.4. Termination 
When a polyether grows through ACE mechanism, termination reactions are 
favoured by the positive charge at the end of the growing chains. This positive 
charge enhances the chain reactivity towards any nucleophilic species in the 
reaction media. Among such reactions, the back-biting generates oligomeric 
structures [Kubisa, 2000]. This mechanism was mostly studied for the 
polymerization of oxiranes, like epichlorohydrin [Biedron, 1991] and it consists of a 
nucleophilic attack of an internal oxygen of the chain to the positively charged end 
group by generating a three/four terms ring (Figure 4.5). However, even if the 
presence of oligomeric species was experimentally confirmed, no experimental 
data supports the hypothesis of their cyclic structure and the lack of hydroxylic 
groups. 
To what extent this process affects the course of the polymerization, depends on 
the relative rates of propagation and back-biting that are governed by the 
nucleophilicities of the heteroatom in a monomer molecule and in polymer unit, and 
by other (eg. steric) factors. Generally, the scale of back-biting rate for cyclic ethers 
is THF<oxetanes<oxiranes.  
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Fig. 4.5- Back-biting reaction and formation of cyclic oligomers 
Obviously, the more the cationic polymerization runs under ACE conditions, the 
higher is the amount of oligomers in the final polymeric product. Therefore, in the 
presence of ACE, the molecular weight and the number of OH end functionalities of 
the polymer are lower than calculated by supposing a living propagation of the 
chains. 
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4.2 Polymerization of TMMO and determination of OH 
equivalent 
The polymerization tests were carried out by adding a TMMO solution in a batch 
containing the catalyst (TFBE) and the polyol (that can be 1,4-butanediol (BDO), 
1,1,1-tris(hydroxymethyl-ethane) (THME) or glycerol (GLO), about 8·10-4 mol). To 
favour the propagation of the chains through AMM, TMMO was added drop by drop 
(3,9·10-6 mol/sec).  
Tab. 4.1. Polymerization tests performed on TMMO 
Several starting ratios OH/TFBE were employed to investigate how this ratio 
affects the concentration of OH end groups and the properties of the final 
homopolymer (in theory, low OH/TFBE ratios should assist the propagation through 
ACE). In all tests, the starting amount of polyol was set to 2 mol% with respect to 
the total amount of monomer, so that the theoretical molecular weight, calculated 
by assuming that all the chains grow through AMM, is equal to about 11,600. In 
fact, this value would lead to a pAMMO having a molecular weight of about 6,000, 
since the subsequent azidation step implies a strong reduction of the molecular 
weight of the monomeric unit (about 50 wt%). More details about the 
polymerization tests performed on TMMO during the last six months are reported in 
Table 4.1. 
The polymeric samples were characterized by 1H-NMR (Figure 4.7), FT-IR (Figure 
3.2) and GPC (Figure 4.6). The number of hydroxyl end groups was measured 
through the ratio Mn/Geq(OH), where Geq(OH) is the equivalent weight of OH 
detected by titration. 
In all tests, the total yield in pTMMO was very high and was not affected neither by 
the type of polyol employed nor by the ratio OH/TFBE. 
The GPC analysis highlighted the presence of a small amount of oligomers 
(Mn=805, Mw=812, D=1.01) whose weight fraction is negligible (0.2-0.3 wt%) when 
BDO is used as co-catalyst. Unfortunately, no other evidence of AMM is present: 
Sample polyol 
(mol%) 
OH/ 
TFBE 
Yield 
(%) 
Mn 
(GPC) 
Geq(OH) NOH  Olig. 
wt% 
Mw/Mn 
 2   11600 
(calc.) 
    
pTMMO
1 
BDO 1 88.1 7574 5089 1.48 0.2 1.91 
pTMMO
2 
BDO 2 92.0 6890 5089 1.35 0.3 1.79 
pTMMO
3 
BDO 4 90.9 6492 4348 1.49 0.3 1.75 
pTMMO
1 
GLO 0.5 92.4 3687 4047 0.95 2.4 1.62 
pTMMO
2 
GLO 1 90.7 4467 4696 0.91 1.7 1.71 
pTMMO
3 
GLO 3 93.7 5267 3945 1.33 1.0 1.83 
pTMMO
1 
THME 1 82.0 4196 3401 1.23 2.0 1.62 
pTMMO
2 
THME 3 94.4 5304 3545 1.49 1.1 1.62 
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independently from the used polyol and OH/TFBE ratio, the measured molecular 
weight is lower than the expected one, the Mw/Mn ratio is too high for a “living” 
polymerization and, overall, the alcohols did not work as initiator of the polymeric 
chains. In fact, with reference to 1H-NMR spectra of pTMMO1-BDO (Figure 4.7), no 
peak appears in the region 1.7-1.4 ppm, typical of the structure O-CH2-CH2-CH2-
CH2-O. 
 
Fig. 4.6- GPC analyses of some PTMMO samples 
Therefore, we concluded that the AMM mechanism does not take place in this 
case. Probably the rate constant of ACE propagation is much higher than that of 
AMM propagation and, once some activated monomers are formed in the first step 
of the reaction, the reaction of the heteroatom is faster than that of hydroxylic 
groups. For this reason, the number of OH for each macromolecule does not 
increase when a co-catalyst with three OH functionalities is used. 
In conclusion, independently from the used polyol, the propagation of the chains is 
carried out by an ACE mechanism, and the growing chains can participate to 
different termination reactions. In particular, termination reactions involving the 
decomposition of TFBE may take place as suggested by the appearance in the 1H-
NMR spectrum of small peaks at 3.96 ppm and 3.47-1.25 ppm, which could be 
assigned to terminal CH2F and OCH2CH3 respectively. 
Nevertheless, the back-biting reaction (and thus the concentration of oligomers) is 
very low, because of the high steric hindrance of TMMO. However , as it will be 
discussed in chapter 6, even if 1.3-1.5 OH end groups per chain are less than 
expected, they are enough to obtain a satisfactory cure of the final azido polymers. 
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Fig.4.7- 1H-NMR spectra of pTMMO1-BDO 
4.2.1 Optimization of the azidation of pTMMO 
As discussed above, the complete azidation of pTMMO was confirmed in some 
preliminary tests, carried out at T = 95 °C, by usi ng DMF, as reaction medium, and 
a molar content of NaN3 equal to 3 times the stoichometric value. Unfortunately, 
the rate of the reaction was extremely slow under these operative conditions, due 
to two main reasons: 
• Steric hindrance of the polymeric substrate; 
• Low solubility of NaN3 in DMF. 
The first point is directly related to the substrate of the leaving groups. Two 
attempts at changing the azidation process by using PTC conditions (chapter 3) or 
ionic liquids [Chiappe, 2003] as reaction media, were unsuccessful. On the 
contrary, the second problem could be solved by using a dipolar and aprotic 
solvent where the solubility of NaN3 is higher. DMSO was therefore selected, 
because at 95°C, the solubility of NaN 3 is 7.1·10-2 g/mL and 4.9·10-3 g/mL in DMSO 
and DMF, respectively.  
The use of DMF and DMSO as reaction media was compared by carrying out two 
azidation tests under the same experimental conditions (T = 95 °C, molar excess of 
NaN3=3.0). The results showed that the use of DMSO can reduce the reaction time 
from 100 h to about 30 h. 
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Fig.4.8- Comparison of the kinetics in DMSO and DMF 
The instantaneous concentration of azido groups, introduced on the polymeric 
substrate, was checked by both FT-IR and 1H-NMR spectroscopies. The ratio A1(ν 
as N3)/A2(ν CH2) (area of the asymmetric stretching of N3/ area of CH2 stretching) of 
the FT-IR spectra of some preliminary azidation tests was plotted against the 
corresponding percentage of tosyl groups substituted by azido ones, determined 
by 1H-NMR, for different degrees of substitution. The so-constructed calibration 
curve (Figure 4.9) was used to determine the degree of azidation directly from the 
FT-IR spectra. 
  
62 
 
Fig.4.9- Calibration curve used for the determination of the azido groups introduced 
on the substrate 
4.2.2 Kinetics of azidation of pTMMO in DMSO 
After the choice of DMSO as reaction solvent, a further set of azidations was 
carried out at three different temperatures (95, 120 and 150 °C) and varying the 
molar excess of NaN3 (r=1.33, 3.0 and 6.0) .Considering that pTMMO is completely 
soluble in DMSO, the amount of dissolved polymer directly gives the concentration 
of tosyl groups (which was ranging from 0.021 to 0.023 g/mL). 
Thus the saturation threshold of NaN3 in DMSO (0.071g/mL at T=95°C, 0.086 g/mL 
at T=120°C, 0.100 g/mL at T=150°C) corresponds to a  value between r=3.0 and 
r=6.0, for all the used reaction temperatures; therefore, when the tests were 
performed with r=6.0, the concentration of N3- was assumed to be equal to the 
saturation value . 
For the substitution reaction, a second order kinetic law can be hypothesized: 
[ ] [ ] 3d OTsv k OTs Ndt
− = = −                                                                                (1) 
where v is the reaction rate, [OTs] and [N3-] are the instantaneous concentrations 
of unreacted tosyl and azido groups, respectively, t is the time and k the kinetic 
constant. In fact, the mobility of the tosyl groups is limited due to their bond with a 
polymeric backbone. However, equation (1) can be used as a first approximation 
thanks to the low molecular weight of the polymer. 
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Considering that: 
[ ] [ ]3 3 00N N OTs OTs− −   − = −                                                                            (2) 
where 3 0N
−    and [ ]0OTs  are the initial concentrations, equation (1) has solution: 
[ ] ( )[ ][ ] ( )
0
0
1
exp 1 1
r OTs
OTs
r kt OTs r
−
=
 
− − 
                                                                   (3) 
where r = 3 0N
−   / [ ]0OTs . Equation (3) can be alternatively written as: 
[ ] ( )
[ ] ( )
0
0
exp 1 1
1
exp 1
kt OTs r
x
kt OTs r
r
 
− − 
=
 − − 
                                                                            (4) 
where x is the conversion, referred to the tosyl groups. 
If the azidation is performed with r = 6.0, the solution remains saturated for the 
whole duration of the reaction, therefore the instantaneous concentration 3 satN
−    
of azido groups is constant and equal to its solubility in DMSO. In this case, 
equation (1) is reduced to the classic first order kinetics: 
( )31 exp satx k N t− = − −                                                                                       (5) 
The value of k was evaluated by optimizing the fit of the experimental conversion 
data with either equation (4) or (5).  
As an example, the experimental data of conversion are reported (Figure 4.10) 
together with the theoretical fit, for the three temperatures and r = 1.33. 
Obviously, the temperature strongly affects the rate of reaction. In fact, while 
several hours are necessary for the quantitative azidation at 95 °C, this time is 
reduced to about 4 hours at 120 °C and to only 1 ho ur at 150 °C. However, 
temperatures over 120°C should be avoided, since so me decomposition processes 
of the azido groups may take place. Therefore, 120°C was chosen as the optimal 
temperature, as the complete azidation of pTMMO was achieved in a reaction time 
comparable to that necessary for the azidation of TMMO at 95 °C and without any 
degradation of the main chain. 
Moreover, the rate of reaction increases with the increasing of the amount of NaN3 
fed into the reactor, even if the effect on the kinetics is weaker than that of 
temperature. Being fixed the temperature, the reaction rate significantly varies from 
r = 1.33 to r = 3.0; a further, but smaller variation is obtained with r = 6.0. In fact, 
this value corresponds to an oversaturated solution, therefore the actual 
concentration of azido groups effectively dissolved is only slightly higher than that 
corresponding to r = 3.0.  
The values of k calculated by the fitting procedure are: 0.23, 2.66 and 18.96 
(L/mole h) at 95, 120 and 150 °C respectively. Plot ting the logarithmic values 
against the inverse of temperature, the activation energy and the Arrhenious 
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constant were calculated to be equal to 24.74 Kcal/mole and 1.38*1014 L/mole h, 
respectively. [Barbieri, 2006]. 
 
 
Fig. 4.10-Time-conversion data for the case r = 1.33. Experimental data at 95 (■), 
120 (●) and 150 °C (▲). Solid lines represent the corresponding curves calculated 
with equations (4) and (5). 
4.3 Flow sheets 
According to the selected synthetic route, pAMMO was prepared in a three steps 
synthesis which can be summarized as follow: 
• Synthesis of TMMO, starting from HMMO; 
• Polymerization of TMMO; 
• Azidation of pTMMO. 
The corresponding simplified flow sheets of the performed synthetic operations are 
reported below.  
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Fig. 4.11- Simplified flow sheet for the synthesis of TMMO. 
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Fig. 4.12- Simplified flow sheet for the cationic polymerization. 
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Fig. 4.13- Simplified flow sheet for the azidation reaction. 
4.4  Scale-up of pAMMO synthesis 
The studies about the synthesis of pAMMO were always carried out on lab-scale, 
aiming to produce about 5 g for each batch, because of the high thermal and 
mechanical sensitiveness of organic and inorganic azido derivatives. Once 
optimized the process and focused its safety limits, the scale of the process was 
raised up to obtain 100 g of pAMMO; it consists of a three steps procedure, listed 
below: 
1. Synthesis of TMMO (3-tosyloxymethyl-3-methyl oxetane) from HMMO (3-
hydroxymethyl-3-methyl oxetane), available on the market 
2. Homopolymerization of TMMO, catalyzed by Boron Trifluoride 
Tetrahydrofuranate (TFBTHF) and 1,4-butanediol (BDO) in 
dichloromethane as solvent; 
3. Azidation of such polymer by employing NaN3 (excess 1.75 mol%) in 
DMSO. 
4.4.1 Synthesis of TMMO 
A three-necked flask kept under nitrogen atmosphere was fed with tosyl chloride 
(300 g), pyridine (1 L) and finally 3-HydroxyMethyl-3-Methyl Oxetane (100 mL). 
The reaction flask was then placed in an ice-water bath, to keep the reaction at 
room temperature, and maintained under stirring. In about 0.5 h, a light suspension 
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of pyridinium chloride appeared and after 1 h the mixture was filtered off and the 
liquid slowly added to a vigorously stirred mixture of de-ionized water (about 2L) 
and crushed ice (500 g) and maintained under stirring for 2 h. The precipitate was 
then filtered, washed with cold water, then dried under high vacuum to obtain the 
raw TMMO in form of a white powder. This powder was purified by dissolution in 
100mL of ethanol and subsequent crystallization at -20 °C to obtain needle shaped 
crystals of pure TMMO. The final purification process had a yield of about 85 mol%. 
After washing by cold ethanol and drying, 175g of TMMO crystals were obtained 
(yield 68,3 mol%). Such synthesis was carried out twice, so that available TMMO 
was about 350 g. 
FT-IR spectrum of TMMO. ν (cm-1): 2960 (νas CH3), 2926(νas CH2),  2872 (νs CH2), 
1602 ( ν
  
C-C aromatic ring) , 1462 (δ
 
CH2), 1356 (νas S(=O)2), 1188 (νs S(=O)2), 
1100(δs  C-H aromatic ring), 976 (νas C-O-C, νas S-O-C ), 836 (νas C-C-O oxetanic 
ring, , νs  S-O-C ), 668 (ω C-H aromatic ring). 
1H-NMR spectra of TMMO (DMSO-d6, 600 MHz): δ (ppm), 7.81-7.48 (4H, dd, 
aromatic ring), 4.23-4.17 (4H, dd, oxetanic ring), 4.10 (2H, s, CH2OTs), 2.40 (3H, s, 
CH3 aromatic ring), 1.16 (3H, s, CH3);  
DSC; m.p.=62.4°C. 
4.4.2 Synthesis of pTMMO 
A 2L flask, kept under nitrogen atmosphere and at room temperature, was fed with 
anhydrous and freshly distilled methylene chloride (200 mL), TFBTHF (6 mL) and 
1,4-butanediol (2.4 mL) (respectively 4 mol% and 2 mol% to the whole amount of 
TMMO) and stirred for 3 hours. Then a solution of 350 g of purified TMMO in 800 
mL of methylene chloride was introduced drop by drop in about 3 hours, by 
keeping the flask at room temperature; the polymerization was continued for further 
24 hours. Then, the polymer was recovered by solvent evaporation, washed three 
times with water (500 mL each time) and twice with a mixture 50/50v 
water/methanol (250 mL each time) and finally dried under high vacuum at 100 °C 
overnight. An amount of 315 g of a hard-glassy material was recovered with very 
high yield (about 90 %). FT-IR and 1H-NMR analyses confirmed the nature of the 
product.  
FT-IR spectrum of pTMMO; ν (cm-1): 2881 (νs CH2), 1602 ( ν  C-C aromatic ring) , 
1462 (δ
 
CH2), 1356 (νas S(=O)2), 1179 (νs S(=O)2), 1100(δs  C-H aromatic ring), 968 
(νas C-O-C, νas S-O-C ), 845 (νas C-C-O oxetanic ring, , νs  S-O-C ), 668 (ω C-H 
aromatic ring). 
1H-NMR spectrum of pTMMO (CDCl3 –d3, 600 MHz): δ (ppm). 7.76-7.35 (4H, dd, 
aromatic ring), 3.80(2H, s, CH2OTs ), 3.08 (2H, s, CH2O main chain), 2.42 (3H, s, 
CH3 aromatic ring), 0.75 (3H, s, CH3).  
Molecular Weight: Mw=10737, Mn=5898, Mw/Mn=1.82 
OH grams equivalent: 3125 g, NOH=1.89 
4.4.3 Synthesis of pAMMO 
In a first attempt, the concentration of pTMMO was increased from 0.3 mol/L (used 
in the 5g syntheses) up to 1.2 mol/L to reduce the amount of DMSO used for the 
azidation. Unfortunately, this condition was unsuitable for the complete azidation of 
pTMMO, as the solubility of the polyoxetane decreases as the tosyloxy groups are 
progressively displaced. In particular, when the azido groups are about 80 eq% of 
the total on the backbone, the polymer forms a separated viscous layer where the 
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scarce mobility of azido groups stops any further nucleophilic displacement. For 
this reason, the volume of DMSO was finally increased to an amount proportional 
to that used in the “5-grams” scale.   
The azidation of 315g of pTMMO was carried out, in two separate reactions, in a 
3L flask, kept under nitrogen atmosphere and equipped with a magnetic stirrer and 
a condenser; 150 g of polymer and 2 L of DMSO were fed in each batch. NaN3 
(240 g, molar excess=3) was added to the flask at 80°C and then the temperature 
was raised to 120°C. After 24h the azido-polymer wa s precipitated from the 
solution by water addition, washed and dried under vacuum at 70 °C overnight. 
The quantitative displacement of the azido groups was checked by FT-IR and 1H-
NMR. 
 FT-IR spectrum of poly-AMMO. ν (cm-1) 3349 (ν
 1+ ν 2 N3)  2965 (ν as CH2), 2872 (ν 
s CH2), 2189 (ν C-N), 2105 (ν as N3), 1452 (ν CH2), 1382 (δs CH3), 1350 (ν CH2), 
1294 (ν
 s C-O-C), 1109 (ν as C-O-C), 686 (N3 bend). 
 
1H-NMR spectrum of poly-AMMO (CDCl3, 300 MHz). δ (ppm); 0.94 (3H, s, CH3), 
3.21 (4H, m, CH2O), 3.25 (3H, s, CH2N3).  
Molecular Weight: Mw=13556, Mn=6424, Mw/Mn=2.11 
OH grams equivalent: 3424 g, NOH=1.87 
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5  RANDOM GA/BAMO COPOLYMER THROUGH THE 
POLYMERIZATION/AZIDATION ROUTE 
Preliminary investigations showed that the random copolymer GA/BAMO can be 
synthesized by azidation of its parent halogenated copolymer ECH/BBrMO, and 
the advantages of this choice have already been discussed in Chapters 3 and 4. 
The polymerization/azidation route for the GA/BAMO copolymer is shown below: 
cop ECH/BBrMO cop GA/BAMO
C
CH2Br
CH2OHBrH2C
BrH2C O
BrH2C CH2Br
O
Cl
3,3-bis-(bromomethyl)oxetane
Epichlorohydrin
ECH (%mol=75%)
BBrMO (%mol=25%)
m
n
O
Br Br
H
O
HO
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m
n
O
N3 N3
H
O
HO
N3
 
 
Fig. 5.1 Low-risks synthesis of the GA/BAMO random copolymer 
The studies about the copolymer and the scale-up of the synthesis were carried out 
by setting the initial monomeric ratio ECH/BBrMO to 75/25. Copolymers with higher 
amounts of BBrMO are inappropriate for application in energetic binder technology, 
because of their high viscosity which would hinder the casting of the copolymer into 
the booster [Murali, 2006]. Nevertheless, the introduction of such amount of BAMO 
units allowed to increase the N-content of the copolymer to 45.2 wt% from 42.4 
wt% relative to GAP, thus increasing the energetic performance of the binder.  
Similarly to pAMMO, the copolymer must also have a suitable concentration of OH 
end-functionalities which can react with the curing agent to produce the final poly-
urethanic rubber of improved energetic properties. Therefore, the possibility of 
keeping the concentration of OH under control by means of proper conditions of 
polymerization was investigated. Finally, the most suitable conditions of azidation 
of the copolymeric substrate were found. 
5.1 Living cationic polymerization of ECH/BBrMO 
The polymerization mechanism of ECH and BBrMO is supposed to be similar to 
that previously discussed for TMMO in presence of 1,4-butanediol (BDO) and 
boron trifluoride etherate (TFBE). In Figures 5.2/5.3/5.4, the four steps of such 
mechanism, referred to a mixture of ECH and BBrMO, are briefly summarized; for 
more details see the paragraph 4.1. 
 
Fig. 5.2- Formation of the complex TFBE/BDO 
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Fig. 5.3- Initiation of the chains 
 
 
 
Fig. 5.4. Supposed “living”(AMM) and “not living”(ACE) propagation of the chains. 
 
 
Fig.5.5- Back-biting reaction and formation of cyclic oligomers. 
 
  
72 
5.1.1 Polymerization of ECH/BBrMO and determination of OH 
equivalent. 
All the polymerization tests were carried out by slowly adding the monomeric 
solution of ECH and BBrMO (starting molar ratio ECH/BBrMO=75:25) to a batch 
containing the catalyst (TFBE) and the polyol (1,4-butanediol (BDO), 1,1,1-
tris(hydroxymethyl) ethane (THME) or glycerol (GLO)). Unfortunately, BBrMO 
contained about 1.3 mol% of ethanol as impurity, which worked as co-catalysts 
during the propagation of the chains. 
Several starting ratios TFBE/OH were employed, to investigate how they could 
affect the concentration of OH end groups and the properties of the final 
homopolymer. To assist the propagation of the chains through AMM, the rate of 
dropping of the monomers was set to 6.1·10-6 mol/sec. In this way the 
instantaneous amount of the monomers was always lower than the OH equivalent 
for each test (about 5.9·10-3), assuming that both monomers immediately react in 
the reaction mixture. 
Under these conditions, the upper limits of the molecular weight and of the number 
of OH groups for each macromolecule were 1877 g/mol and in the range 1.3-1.6, 
respectively, according to the OH equivalent of the alcohol used in the 
polymerization. These values were calculated by assuming that the propagation of 
the chains can only occur through AMM. 
 
Tab. 5.1 Copolymerization tests performed on ECH and BBrMO (starting 
monomeric ratio 75:25). 
The polymeric samples were characterized by 1H-NMR (Figure 5.7) and FT-IR: 
their molecular weights were measured by GPC analysis. 
As shown in Figure 5.6, the molecular weight distributions are always bimodal and 
the left peak belongs to oligomers (Mn=375, Mw=386, D=1.03) which are 
supposed to be cyclic and without hydroxylic groups [Yu, 1985]; their formation is 
explained through the back-biting reaction of ACE mechanism (Figure 5.5), but 
unfortunately no experimental data supports such hypotheses. However, the 
oligomers content is not negligible, since it was estimated to be in the range of 5-15 
wt% with respect to the whole mass of the polymer. 
The number of OH end-groups for each chain (NOH) was calculated through the 
ratio Mn/Geq(OH), where Geq(OH) is the equivalent weight of OH which was 
measured both by titration and by 1H-NMR after acetylation of the hydroxylic 
functionalities with (CF3CO)2O. In particular, two values of NOH are reported in 
Sample polyol 
(mol%) 
OH/ 
TFBE 
Yield 
(%) 
Mn (GPC) 
 
NOH  
for chain 
Olig. 
(wt%) 
Mw/ 
Mn 
 2   Average Main 
peak 
Av. M.P   
Cop1 BDO 1 96.1 946 1128 0.70 0.92 10.1 1.27 
Cop2 BDO 2 92.3 1085 1295 0.82 1.07 8.2 1.32 
Cop3 BDO 4 94.6 1047 1322 0.59 0.80 9.5 1.35 
Cop1 GLO 0.5 71.9 757 1191 0.62 1.36 27.5 1.13 
Cop2 GLO 1 72.1 1034 1402 0.87 1.23 13.5 1.19 
Cop3 GLO 3 60.1 1225 1419 0.93 1.15 5.9 1.31 
Cop1 THME 1 87.8 943 1119 0.58 0.76 9.8 1.27 
Cop2 THME 3 93.0 1006 1210    0.77 1.02 9.5 1.31 
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Table 5.1 for each test: the first one was calculated on the whole amount of the 
polymer, the second one by assuming that the OH functionalities belonged only to 
the higher molecular weight fraction. In this last case, NOH was in the range 0.8-1.1 
and 1.0-1.4 by employing BDO or a triol as co-catalyst, respectively. These values 
could be increased by a more accurate purification of the monomers: in particular, 
the presence of impurities like water, alcohols or any other nucleophilic molecule 
must be limited as much as possible. 
In any case, independently of the type of polyol and the ratio OH/TFBE used for 
each test, both NOH and molecular weight of the copolymerization tests were lower 
than the expected values in case the chains had only propagated through AMM 
mechanism. This result is similar to what previously discussed for 
homopolymerization of TMMO. 
 
Fig. 5.6- GPC analysis of some copolymeric samples. 
However, the copolymerization had at least two main differences with respect to 
the homopolymerization: a greater amount of oligomers was formed, probably due 
to the lower steric hindrance of ECH, compared to TMMO, and some BDO 
molecules were included into the chains. These two effects are in contrast with 
each other, since the oligomers are supposed to be produced through the back-
biting of the ACE mechanism, while the presence of BDO supports the hypothesis 
of a “living” propagation. 
Therefore, a competition between AMM and ACE propagation must be supposed, 
even if the conditions of polymerization were set to only induce the mechanism of 
“living” propagation. Moreover, at the current state of the art, we cannot exclude 
other reaction mechanisms which could better explain the formation of the 
oligomers, since their chemical structure has not been determined.  
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Fig. 5.7 1H-NMR spectra of the copolymer ECH/BBrMO1_BDO (300 MHz, CDCl3) 
after acetylation; δ (ppm) 5.3 (terminal -CHCOOCF3), 4.6-4.4 (terminal –
CH2COOCF3), 4.0-3.2(all the protons ECH, BBrMO), 1.65 (CH2CH2 of BDO), 1.3-
1.2 (O-C-CH3). 
5.1.2 Effect of the dropping rate of the monomers on the propagation 
of the chains. 
As discussed above, keeping the concentration of the monomers as low as 
possible during the polymerization should favour the “living” propagation of the 
chains [Penczek, 1988]; therefore, we investigated how the feeding rate of the 
monomeric mixture affects the final properties of the copolymer, like its molecular 
weight, the concentration of the OH end-functionalities and the total amount of 
oligomers. [Kawamoto, in press, Barbieri 2007] Four ECH/BBrMO mixtures were 
slowly added to the batch at different feeding rates (2, 4, 6 and 96 hours to 
complete the feed), to verify the influence of this parameter on the properties of the 
resulting polymers (referred as Cop02, Cop04, Cop06 and Cop96, respectively). A 
better understanding of the effect of this parameter would have been obtained by 
also preparing the copolymer by instantaneous addition of all the monomers (a so 
called “Cop00”). However, since this reaction is exothermic, the control of 
temperature could not be possible. In fact, two hours as dropping time was the 
minimum that guaranteed very precise isothermal conditions during all the reaction 
time. 
As discussed above, the ratio of the monomers was selected by taking into account 
that the binder must be completely non-crystalline to be used in propellant 
formulations. 
To favour the propagation of the chains through AMM, the instantaneous amount 
of monomers was always lower than that of BDO (about 4·10-2 mol). Moreover, on 
the basis of the previous polymerization tests, the ratios TFBE/BDO and 
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(ECH+BBrMO)/BDO were fixed to 2 and 50 respectively. BBrMO was carefully 
purified from ethanol and a Mn of about 6500 and two OH end functionalities were 
calculated by supposing the “living” propagation of the chains.   
 Feeding 
rate 
[mol/s] 
Oligomers 
[g/mol] 
 
Main chains 
[g/mol] 
 
Mw/Mn Olig. 
[wt%] 
Equivalent 
Weight 
[g/mol –
OH] 
NOH 
 
  Mn Mw Mn Mw     
Cop02 1.4·10-4 548 563 1382 1684 1.22 11.7 922 1.50 
Cop04 6.9·10-5 560 575 1461 1762 1.21 6.8 864 1.69 
Cop06 4.6·10-5 554 568 1347 1581 1.17 10.3 877 1.54 
Cop96 2.9·10-6 488 515 1382 1696 1.23 6.1 935 1.48 
Tab. 5.2- Properties of the copolymers. 
As expected, the purification led to a better performance of the polymerization 
system in terms of NOH, when compared with the results reported in Table 5.1. In 
fact, such values of NOH (ranging from 1.5 to 1.7) were sufficient for the cure of the 
azido polymers with isocyanates (chapter six). Anyway, the low molecular weight of 
the copolymers and the high amount of oligomers made clear that the control of the 
polymerization mechanism under “living” conditions failed even in this case and 
that the influence of the feeding rate of the monomers on these parameters of the 
copolymer resulted negligible. 
In conclusion, even these experimental results supported the hypothesis of a 
competition between AMM with ACE or other “not living” mechanisms of growth of 
the chains and evidenced the difficulty of a strict control on the polymerization 
parameters to obtain copolymers of predetermined characteristics. However, since 
both Mn and NOH were in the range of acceptability of pre-polymers for application 
in energetic binder technology, the copolymers ECH/BBrMO were subjected to the 
subsequent azidation step.            
5.2 Synthesis of the GA/BAMO copolymer 
The azidation of the four copolymeric samples was carried out at 120°C by using 
NaN3 (1.5 excess with respect to stoichiometry) in DMSO as reaction medium, 
because of the advantages previously discussed for the azidation of pTMMO. In 
fact, such solvent increases the rate of displacement of the azido groups of the 
copolymer which is as fast as that of the monomer; thus, complete azidation of the 
copolymers was obtained in about 8 hours under these conditions.  
FT-IR is probably the easiest way for a qualitative checking of the copolymer 
structure during azidation. In Figure 5.8, the spectra of the unreacted monomers 
mixture, of the halogenated copolymer and of the azido copolymers are shown. 
The comparison between the first two spectra shows that the C-O-C bonds 
symmetrical stretching is shifted from 987 cm-1 to 1125 cm-1, due to the opening of 
the heterocyclic rings of the monomers. The displacement of chlorine atoms by 
azido groups was detected though the peak a 746 cm-1, corresponding to the 
stretching C-Cl bond, whose intensity progressively decreased during the 
azidation. Unfortunately, the same measurement could not be done for bromine 
atoms because of the low intensity of the signal at 605 cm-1, corresponding to the 
C-Br bond, in the spectra of the halogenated copolymer. At the end of the reaction, 
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the peak indicating the C-Cl bond completely disappeared, while two new signals 
at 1277 and 2108 cm-1, corresponding to the symmetrical and asymmetrical 
stretching of N3 groups, respectively, confirmed the presence of the azido groups 
on the polymeric backbone.  
 
Fig 5.8-Infrared spectra of ECH/BBrMO=75/25, molar ratio, mixture of unreacted 
monomers, and of the corresponding copolymer before and after azidation. 
However, both the presence of bromine atoms and their complete displacement 
after azidation were confirmed by comparing the 13C-NMR spectra of the polymeric 
backbone before (fig. 3.9) and after the azidation (fig 3.11). In fact, the peak at 36 
ppm, corresponding to a C-Br structure, completely disappears after the azidation 
of the substrate.  
Spectroscopy was also used to determine the composition of the synthesized 
copolymers. For instance, the 13C-NMR spectrum of cop96 (Figure 5.9) shows 
several peaks attributed to the quaternary carbon atom of pBAMO units (a, 44.3 
ppm), to CH2N3 of pBAMO and GAP units (b, 51.8-49.5 and 53.2-52.5 ppm, 
respectively) , to CH2O (c, 71.75 and 67.44 ppm) and to CHO of GAP units (d, 
77.65 ppm). 
The relative amount of the monomers can be calculated through peaks (a) and (b) 
or (a) and (c). In any case, the obtained results were very similar (Table 5.3) and 
the composition of each copolymer just slightly differed from the starting molar ratio 
of the monomers. This means that their reactivity ratio is close to one. 
 
  
 
77 
 
Fig. 5.9- 13C NMR spectrum for cop96. 
The 13C-NMR spectroscopy was also used for the evaluation of the concentration 
of the OH end-groups of the chains. For this purpose, the OH groups were 
converted into ester groups with acetyl chloride. As an example, the spectra of 
acetylated and not-acetylated Cop04 are shown in Figure 5.10 
 
Sample BAMO/GAP 
Molar ratio[a] 
BAMO/GAP 
Molar ratio[b] 
Cop02 21.9/78.1 19.6/80.4 
Cop04 23.6/76.4 21.2/78.8 
Cop06 24.9/75.1 24.0/76.0 
Cop96 18.9/81.1 19.6/80.4 
[a] calculated using peaks (a) and (b) 
[b] calculated using peaks (a) and (c) 
 
Tab. 5.3 - Composition of azido-copolymers from 13C-NMR. 
After acetylation, the peaks of the methyl carbon of O(C=O)CH3 and that of 
O(C=O)CH3 appeared at 19.51 ppm and at 168.84 ppm, respectively, while the 
weak peaks at 52.5-52.2 ppm and 72.5-70.6 ppm were shifted upper field and 
overlapped their respective main signals. Since the end-groups could affect the 
position of the latter peaks [Wehrli, 1988], these signals were assigned at the last 
monomeric units in the chains. In details, the peak at 52.5-52.2 ppm belongs to 
CH2N3 of terminal GAP and that at 72.5-70.6 ppm to CH2O of terminal BAMO units. 
The comparison between the areas of these peaks and those of the signals at 
26.4-25.1 ppm, corresponding to the two central carbons of BDO, showed that the 
total amount of diol, inside the polymeric backbone, is lower than the calculated 
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value from the AMM mechanism which should lead to one BDO molecule for each 
chain. Therefore, this result suggests that an alternative mechanism of propagation 
could compete with AMM. This is reasonable, as possibly some chain-transfer 
reactions occur with the ether of TFBE, leading to O-CH2CH3 as end-groups; in 
fact, the weak signals at 65.5-64.6 ppm and 14.4-13.9 ppm are compatible with 
carbons like O-CH2CH3 and O-CH2CH3, respectively. 
 
Fig. 5.10-13C-NMR spectra for Cop04 before (lower spectra) and after acetylation 
(upper spectra) 
Assuming that OH and OCH2CH3 are the only end groups of the copolymer, their 
relative amount was quantified to be around 74 eq% of OH and 26 eq% of 
OCH2CH3 for all the copolymers. This distribution of the terminals is in good 
agreement with the number of OH end functionalities for each chain (NOH=1.5-1.7), 
previously reported for the respective halogenated copolymer, which means that 
the reaction does not involve the OH end groups whose amount is the same before 
and after azidation. 
5.3 Heat of reaction and thermal properties of the copolymer 
GA/BAMO 80/20. 
Thermodynamic data of the polymerization steps were registered in order to plan 
the further scale-up of the synthesis. As expected, the polymerization is exothermic 
and the total amount of the developed heat is not influenced by the addition rate; 
the reaction between the monomers and the growing chains is very fast, as heat 
evolution immediately stops after the end of monomer addition. Thus the 
instantaneous heat produced by the polymerization can be easily controlled by 
choosing an optimal value of the feeding rate, from the point of view of an up-
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scaled process. Table 5.4 shows some thermodynamic data measured during the 
polymerization by adding the monomers at a constant feeding rate. Unfortunately, 
such measures were possible only for Cop02 and Cop04 because the 
instantaneous development of heat was too low for the sensitivity of the instrument 
for longer addition-times.  
Sample(1) Feeding rate of 
monomers(g/h) 
Hr 
(kJ/mol) 
∆T  
(K) 
Hr/t 
(kJ/min) 
Cop02 65.0 78 141 0.65 
Cop04 32.5 80 146 0.33 
Cop06 21.6 -(2) -(2) -(2) 
(1)Starting molar ratio ECH/BBrMO=3; BDO 2% of the total moles of monomers; TFBE 4% of the total 
moles of monomers; 
(2) Experimental time too long. 
Tab. 5.4- Thermodynamic data for copolymerization ECH/BBrMO (starting molar 
ratio 75:25). 
DSC and TGA analyses were carried out for all the copolymers, to investigate the 
thermal behaviour of the copolymer GA/BAMO. 
All the DSC curves showed a main single exothermic peak at 244-245oC which 
was assigned to the decomposition of the azide groups of the copolymer to give 
nitrogen molecules. The energy released by such decomposition was measured 
and compared with the values calculated from the composition of the copolymer 
GA/BAMO (Table 5.5), being the decomposition energy equal to 2240 J/g for GAP 
and 2640 J/g for pBAMO. 
The experimental values were just slightly higher (except for Cop06) than the 
expected ones. This small difference can be explained by TGA analysis (Figure 
5.11) that showed how, in correspondence of the decomposition of azido groups, a 
sharp weight loss of about 40-45 wt% with respect to the total weight of the 
polymer took place. This value is higher than that corresponding to the release of 
nitrogen alone which is superposed to an incipient degradation of the polymeric 
chains.  
In any case, both DSC and TGA highlighted that the copolymers start to 
decompose/degrade at high temperatures, confirming their satisfactory thermal 
stability. 
Energy of decomposition 
(J/g) 
 
Copolymer 
Measured Expected [a] 
Cop02 2477 2369-2357 
Cop04 2423 2378-2365 
Cop06 2347 2384-2371 
Cop96 2367 2357-2353 
 
[a] - From data reported in Table 5.3. 
Tab. 5.5- Decomposition energy of the copolymers 
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Fig. 5.11- Thermogravimetric curve and its derivative with respect to temperature 
for cop96. 
The sensitivity of the copolymers to mechanical stress was measured to determine 
the range of safety of the copolymers before up-scaling the process (Table 5.6). 
Both the impact and friction sensitivities increase by comparison with GAP values, 
because of the greater amount of azido groups on the copolymer; in particular, the 
friction sensitivity is significantly higher than that measured for GAP. Nevertheless, 
the copolymers show sensitivity data that are in the typical range of secondary 
explosive material and they can be handled with the common safety precautions. 
Polymer Impact Sensitivity 
[Nm] 
Friction Sensitivity [N] 
Cop04 7.5 288 
Cop96  7.5 324 
GAP 7.9 > 360 
Tab. 5.6- Impact and friction sensitivity of the copolymers in comparison to GAP. 
5.4 Purification of the copolymer GA/BAMO from oligomers. 
The formation of oligomers is a typical feature of the cationic–ring-opening 
polymerization of cyclic ethers but so far our attempts to get a polymerization 
completely “oligomers-free” failed. Their amount depends on the nature of the 
catalyst employed, the polymerization conditions and the molecular weight of the 
copolymer. If oligomers were cyclic, as supposed in literature, they would not have 
OH end groups and thus they could not react with isocyanates during the curing 
reaction, behaving as plasticizer in the final binder. However, a strict control on the 
oligomeric percentage in the copolymer would be useful to control the toughness of 
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the binder.[Yu, 1985] For this reason, we chose to remove by liquid extraction the 
cyclic oligomers from the raw liquid copolymer GA/BAMO. 
5.4.1 Liquid extraction of oligomers. 
The liquid extraction of oligomers was carried out by treating the raw copolymer 
with a suitable solvent in which the chains of higher molecular weight are 
immiscible or only partially soluble. The contact of the raw liquid polymer and the 
solvent must be as intimate as possible, to allow a good mass transfer of oligomers 
from the polymer to the solvent. Moreover, the efficiency of the extraction is 
influenced both by the stirring system and the operative temperature, since the 
viscosity of the copolymer decreases at higher temperatures, while the solubility of 
the oligomers increases.  
After the extraction, the two layers are separated; the immiscible fraction 
(“raffinate”) is washed and dried, the soluble one (“extract”) is recovered by 
distilling out the solvent which could be recycled if a multi-step extraction is 
required.  
Particularly suitable are solvents selected from aliphatic hydrocarbons (i.e. 
pentane, hexane, cyclohexane), because the copolymer GA/BAMO has a very low 
solubility in these solvents. In our experimental tests, n-hexane was employed as 
extraction solvent for the copolymer GA/BAMO 75/25 containing about 10 wt% of 
oligomers, and the emulsion was refluxed at 70°C fo r three days. Under such 
conditions, about 25 wt% of the starting amount of oligomers was removed from 
the raw material in a single step of purification (Table 5.7). 
The distributions of the molecular weight of both the “raffinate” (curve B) and the 
“extract” (curve A) copolymers were measured by GPC and compared with that of 
the starting raw copolymer (curve C). This comparison showed that the amount of 
oligomers strongly decreases in the “raffinate”; moreover their extraction resulted 
highly selective, since the “extract” has low polydispersity and a low amount of 
species of higher molecular weight is present.  
cpo 
GA/BAMO 
75:25 (g) 
wt% 
oligomers 
n-hexane 
(mL) 
Oligomers 
extracted/ 
starting raw 
polymer 
 ( wt%) 
Oligomers 
extracted/ 
starting 
oligomers 
 ( wt%) 
21 11.2 60 2.7 23.0 
10 11.2 50 3.6 28.8 
 
Tab.5.7- Yields of the purification process. 
The number of hydroxylic end groups was measured through the ratio 
Mn/Geq(OH), where Geq(OH) is the equivalent weight of OH detected by titration. 
In Table 5.8, for each copolymer the upper line refers to the whole polymer, and 
can be considered as an average value calculated by considering that both the 
oligomers and the chains of higher molecular weight owned OH end-groups. The 
lower line only refers to the second peak, by assuming that the oligomers does not 
have any OH end-functionality.    
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Fig. 5.12-Molecular weight distribution of the copolymer GA/BAMO, before the 
extraction with n-hexane (C), the “raffinate (B) (oligomers peak Mn=503, Mw=524, 
DPn=1.04, polymer peak Mn=1381, Mw=1708, DPn=1.24), and the extract (A) 
(Mn=554, Mw=631, DPn=1.14). 
As expected, both the molecular weight and the OH number for each chain (NOH) of 
the raffinate are higher than those of the raw polymer. As concerns NOH, the 
increment is greater by considering the values referred to the whole amount of the 
polymer (0.99 to 1.10) than those of the higher molecular weight fraction (1.31 to 
1.37). This is quite in agreement with the hypothesis of the lack of OH groups on 
the oligomers; in fact such hypothesis would imply that NOH of the whole copolymer 
rises towards the constant value, measured for the higher molecular weight 
fraction, as more oligomers are extracted. On the contrary, if the OH end groups 
were distributed between oligomers and higher molecular weight chains, such NOH 
values should tend towards an average value.  
Even if these experimental evidences confirmed that oligomers do not have OH 
end-functionality, a full-characterization of these species is needed, in order to 
investigate their chemical nature and the mechanism of their formation. 
 
Sample  Mn Geq(OH) OH for chain 
whole polymer 1173 1178 0.99 Raw 
polymer 2° peak higher Mn 
fraction 
1371 1046 1.31 
whole polymer 1233 1117 1.10 Raffinate 
2° peak higher Mn 
fraction 
1381 1010 1.37 
Extract 
 554 - 0.361 
1) NMR detection 
Tab. 5.8 Terminal OH number for each macromolecule. 
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In conclusion, the extraction process is actually the best way to control the 
percentage of oligomers in the raw polymer. In fact, such process is very selective 
towards oligomers even if their solubility is not very high in n-hexane; however, we 
believe that the oligomers can be completely removed from the raw liquid 
copolymer either using a higher ratio n-hexane/copolymer or a multi-step process.  
5.4.2  Extraction procedure. 
60 mL of n-hexane and 21 g of liquid copolymer GA/BAMO 75:25 were mixed 
together in a round bottom flask, equipped with a reflux condenser; the flask was 
heated to reflux (70°C) and mechanically stirred fo r 3 days. 
After cooling, the immiscible polymeric layer was separated from the liquid phase; 
n-hexane was completely distilled out and a viscous oil was recovered. These two 
fractions were dried under high vacuum and characterized by GPC, 1H-NMR, 13C-
NMR and FT-IR. The total amount of oligomers extracted was about 3-4 wt% of the 
starting raw material. 
5.5 Simplified flow sheets. 
According to the selected synthetic route, the copolymer ECH/BBrMO was 
prepared by the following three-steps procedure  
 
• Synthesis of BBrMO, starting from PEBr3; 
• Co-polymerization of ECH and BBrMO 
• Azidation of the copolymer. 
 
 
Fig.5.13- Simplified flow sheet for the synthesis of BBrMO. 
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Fig. 5.14- Simplified flow sheet for the copolymerization ECH/BBrMO 75:25. 
  
 
Fig. 5.15- Simplified flow sheet for the azidation of the cop ECH/BBrMO 75:25. 
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5.6 Scale-up 
The studies about the synthesis of the copolymer GA/BAMO were always carried 
out on a lab-scale, about 5 g for each batch, because of the high thermal and 
mechanical sensitiveness of organic and inorganic azido derivatives. Once 
optimized the process and focused its safety limits, the scale of the process was 
increased to obtain 1 Kg of copolymer. The scale-up of the synthesis of the 
copolymer GA/BAMO 75:25, carried out in collaboration with the Research Centre 
ICT-Fraunhofer of Karlsruhe (Germany), Consisted of a two-step procedure: 
 
• Copolymerization of ECH and BBrMO (starting molar ratio 75/25), 
catalyzed by TFBE and BDO (respectively 4 mol% and 2 mol%  to the 
sum of the monomers) and by employing DCM as solvent; 
• Azidation of the halogenated copolymer by employing NaN3 (excess 
1.75% mol) in DMSO. 
5.6.1 Copolymerization ECH/BBrMO 75/25. 
A solution of BDO (13.0 mL, 147 mmol, d=1.02 g/mL) and TFBE (37.0 mL, 294 
mmol, d=1.13 g/mL) in anhydrous DCM freshly distilled from P2O5 (2.0 mL) was 
stirred (rotation speed 160 rpm) at 20oC in a double jacket reactor for 2 hours 
under argon atmosphere to allow the formation of the complex TFBE-BDO. Then, 
the reaction mixture was kept at 20oC and a solution of BBrMO (444.2 g, 1834 
mmol) and ECH (508.1g, 5502 mmol) in DCM (1 L) was added dropwise within a 
period of 6 hours (4.54 mL/min) during which the temperature raised to 21-22°C. 
During the feeding of monomer, the colour of the solution slowly changed from 
colourless to brown. When the addition was complete, the cooling system and the 
stirrer were switched off and the solution was left under argon atmosphere 
overnight.  
The DCM was distilled off by a rotary evaporator under vacuum until the remaining 
solution had an oily consistence and then 1.25 L of water was added. The organic 
phase was washed twice with water, twice with MeOH/W (1:1) and once with 
NaHCO3 solution.  
After the washings, the copolymer was dissolved in DCM and MgSO4 was added to 
dry the solution. Finally, MgSO4 was filtered off and DCM was distilled by a rotary 
evaporator under vacuum at room temperature. An amount of 946.5g of a clear 
highly viscous polymeric material was recovered (yield= 99.4 mol%). 
FT-IR: ν (cm-1): 3448 (ν OH), 2876 (νs CH2) , 1483 (δ CH2), 1109 (νas C-O-C ), 752 
(ν C-Cl), 671 (ν C-Br). 
1H-NMR: δ (ppm, CDCl3) 4.0-3.2(all the protons ECH, BBrMO), 1.65 (CH2CH2 of 
BDO), 1.3-1.2 (O-C-CH3). 
OH equivalent (by titration): 912.5 g/mol 
Molecular weight (by GPC): First peak (oligomers) Mn=388, Mw=397; second peak 
(linear chains) Mn=1131, Mw=1376 
OH for chains: 0.88 (average), 1.33 (referred to the second peak) 
DSC: Tg=-37.8°C, T m not present 
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Fig. 5.16- Copolymerization apparatus. 
5.6.2 Azidation of the copolymer ECH/BBrMO 75/25 
The copolymer ECH/BBrMO (922.00g) was added to a 5 L round bottom flask with 
3200 ml of DMSO and 320 mL H2O and heated to 60oC under argon atmosphere. 
Then, sodium azide was added to this mixture and the temperature was raised to 
98°C (bath temperature) and left under stirring for  63 hours after which the reaction 
mixture was cooled down to room temperature. Then the mixture was slowly 
poured into 5L of water and kept under stirring for 15h. 
After the separation of the phases, the polymer was washed four times with water 
(5L); the last washing lasted overnight. The polymer was then recovered, dissolved 
in about 3L of DCM and dried on Na2SO4. After filtration (glassfilter N°4 for 
particles of diameter >10-15µm), DCM was vacuum-evaporated at room 
temperature and the polymer was vacuum-dried at 70 °C to finally obtain a viscous, 
yellowish, material. 
Since the microscopic analysis of the substance revealed the presence of a few 
Na2SO4 crystals (<10 µm) and water droplets, the raw polymer was re-dissolved in 
DCM and dried with MgSO4, a stronger drying agent. After centrifugation, DCM 
was evaporated and a clear, dark yellow, highly viscous oil was recovered.      
Yield: 733.0g ( 88.8 mol%) 
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FT-IR: 3448 (ν OH), 2871 (νs CH2) , 2106 (νas N3), 1483 (δ CH2), 1295 (νs C-O-C), 
1109 (νas C-O-C ), 686 (N3 bend). 
1H-NMR: δ (ppm, CDCl3) 4.0-3.2(all the protons GA, BAMO).  
13C-NMR: δ (ppm, CDCl3) 44.3 ppm (quaternary carbon atom of poly-BAMO units), 
51.8-49.5 and 53.2-52.5 ppm (CH2N3 of poly-BAMO and GAP units), 71.75 and 
67.44 ppm (CH2O) and 77.65 ppm (CHO of GA units). 
OH equivalent (by titration): 1041.7 g/mol 
OH for chains: 0.93 (average), 1.38 (referred to the second peak) 
%Oligomer: 11 wt% 
 
 
 
Fig. 5.17-Azidation apparatus. 
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6 CHARACTERIZATION OF PROPELLANTS BASED ON 
GA/BAMO BINDERS  
In the first part of our work, the rheological behaviour and the mechanical 
properties of the poly-urethanic binder were evaluated without adding any oxidizer 
or fuel to the curing mixture. In fact, the binder was formed by the reaction of the 
OH end-groups of the copolymer GA/BAMO 75/25 with the NCO ones of 
Desmodur N-100, that some preliminary curing tests had indicated as the best 
curing agent for GA/BAMO copolymers. Further investigations were done on curing 
mixtures containing an elastic and inert powder (“simulating load”), whose amount 
and composition were suggested by AVIO. In this way, the behaviour of the 
propellant during the cure was simulated under safe conditions, since the fuel and 
the oxidizer were replaced with such inert load. Finally, about 180 grams of solid 
propellant were produced at AVIO laboratories by mixing the copolymer GA/BAMO 
and the curing agent together with aluminium and ammonium perchlorate. Some 
mechanical and energetic properties of this composite material were evaluated and 
compared with those of propellants, based on HTPB, which are actually used for 
the European space vehicle, Ariane 5. 
6.1 Rheological behaviour of GA-co-BAMO 75/25  
As known, the binders of solid rocket propellants are usually poly-urethanes formed 
by the reaction of OH end-groups of a liquid pre-polymer of low molecular weight 
with an organic poly-isocyanate, in presence of an inorganic complex, such as 
dibutyltin dilaurate (DBTL), as catalyst. Aliphatic isocyanates were selected for 
curing the copolymer since the azido groups are reactive toward aryl isocyanates, 
by forming cycloadducts, isolated by Vandensavel [1973]. If the pre-polymer owns 
three OH end-groups per chain, a diisocyanate can be used for the curing; 
otherwise di-hydroxy terminated pre-polymers need tri-isocyanates or alternatively 
di-isocyanates together with a triol (Figure 6.1).  
The mechanical properties of the final poly-urethanic rubber strictly depend on 
some chemical and physical features of the pre-polymer, such as its molecular 
weight, its glass-transition temperature and its degree of cristallinity. Moreover, 
such properties can be optimized by choosing a favourable ratio NCO/OH, usually 
in the range of 0.8 to 1, according to the molecular weight of the pre-polymer. 
On an industrial-scale, the curing of hydroxy-terminated pre-polymers directly takes 
place into the boosters where a highly viscous mixture, formed by the liquid pre-
polymer, aluminium and ammonium perchlorate, is cast. A mandrel is usually 
inserted inside each booster to give the curing mixture the shape required to grant 
the optimum combustion rate when fired. Then, the curing agent is added to the 
mixture which is finally heated to 60°C for 4-7 day s, according to the amount of 
catalyst. Thus, the cross-linking of the pre-polymeric chains allows to entrap the 
redox charge in an elastomeric matrix where voids or bubbles are excluded by 
keeping the curing mixture under high vacuum. Once the mixture is cured, the 
mould and the vacuum equipments are removed and the booster is ready for the 
use.  
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Fig. 6.1- Poly-urethane formation 
6.1.1 Preliminary tests of curing 
The main aim of these preliminary tests was to find the most suitable conditions for 
the curing of the azido copolymer GA/BAMO. Such investigation was mostly 
focused on the compatibility and the reactivity of the azido copolymer with some 
commercially available poly-isocyanates, such as isophorone di-isocyanate (IPDI), 
1,6 di-isocyanate hexane (HDI) and Desmodour N100. The latter is an aliphatic 
mixture of di and tri-functional isocyanates, based on hexamethylene di-isocyanate, 
commercialized by Bayer. Their main properties are listed below: 
IPDI: NCO grams equivalent = 111.15 g, MW=222.3, d=1.049 g/cc 
HDI: NCO grams equivalent = 84.1 g, MW=168.2, d=1.04 g/cc 
Desmodur N100: NCO grams equivalent= 191 g , d=1.14 g/cc 
As previously discussed (par 5.6.2), the copolymer GA/BAMO 75/25 from the up-
scaled synthesis owns 1.38 OH groups for each macromolecule and 11 wt% of 
oligomers. On the basis of its OH grams equivalent (1041.7 g), the required 
amount of each curing agent was calculated by setting the ratio NCO/OH=1, so 
that the hydroxylic functionalities could completely react with NCO groups. The low 
amount of OH groups for each chain (NOH<2) involved the use of IPDI and HDI 
together with glycerol to assist the formation of crosslinks. 
DBTL and K54 (ancamine) were used in the first curing tests as catalyst and 
“accelerating” agent, respectively, to increase the reaction rate. The difference 
between these two compounds is that K54 molecules are introduced into the 
network because of the reaction between their amino groups with NCO ones of the 
curing agent, while DBTL acts as a catalyst, without getting into the chains. 
However the use of K54 was limited to those preliminary tests, since it resulted 
incompatible with Desmodur N100. In fact, a massive formation of bubbles can be 
observed, when such compounds are mixed together with DBTL as catalyst. The 
reason for such bubbling is not clear, but it does not depend on the reaction of 
amino groups with isocyanate ones; in fact, such reaction does not lead to gas 
development and K54 is usually added to curing mixture HTPB/IPDI.  
 
  
90 
IPDI+glycerol (eq(OH)gly+eq(OH)pol=eq(NCO); eq(OH)gly=eq(OH)pol) 
Test DBTL (% 
calculated on 
NCO 
equivalent) 
K54 (% 
calculated on 
NCO 
equivalent) 
Time (h) Unsoluble part 
(wt%) 
1-IPDI 2 - 90 - 
2-IPDI 2 - 138 - 
3-IPDI 2 1 24 - 
 
HDI+glycerol (eq(OH)gly+eq(OH)pol=eq(NCO); eq(OH)gly=eq(OH)pol) 
Test DBTL (% 
calculated on 
NCO 
equivalent) 
K54 (% 
calculated on 
NCO 
equivalent) 
Time (h) Unsoluble part 
(wt%) 
1-HDI 2 - 90 8.0 
2-HDI 2 - 138 12.6 
3-HDI 2 1 24 9.7 
 
Desmodur N100 (eq(OH)pol=eq(NCO)) 
Test DBTL (% 
calculated on 
NCO 
equivalent) 
K54 (% 
calculated on 
NCO 
equivalent) 
Time (h) Unsoluble 
part 
(wt%) 
1-D 2 - 90 64.7 
2-D 1E-3 
(DOZ solution) 
1 24 69.8 
3-D 2E-3 
(DOZ solution) 
1 24 67.9 
4-D 2E-3 
(DOZ solution) 
1 24 63.8 
Tab. 6.1- Preliminary curing test on the copolymer GA-BAMO 
The outcome of the curing was qualitatively characterized by treating the final, 
highly viscous product with dichloromethane; in fact, the less is the solubility of the 
rubber in this solvent, the higher is the density of the crosslinks. 
Such solubility tests revealed that both di-isocyanate/glycerol couples were poor 
curing agents for the azido copolymer. As shown in Table 6.1, the solubility of the 
crude product in DCM was complete for IPDI’s tests, while very soft rubbers were 
recovered for HDI’s tests. 
The failure of these curing tests was imputed to the presence of moisture, which 
hindered the formation of crosslinks by reacting with the NCO groups. In fact, when 
IPDI or HDI are mixed together with tri-hydroxy terminated polymers (i.e. testing for 
the curing of some HTPB samples), a highly insoluble rubber is always obtained. 
Probably, the glycerol purification process through distillation under high vacuum 
and drying over molecular sieves was not sufficient for complete moisture removal. 
However, the copolymer GA/BAMO 75/25 was cured with Desmodur N100 without 
glycerol, since this curing agent contains tri-isocyanates; the average amount of 
insoluble rubber was about 60-70 wt% of the starting material. 
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For the above reasons, the study of the curing reaction through IPDI and HDI was 
interrupted and the rheological behaviour of the copolymer GA-BAMO was 
investigated by only employing Desmodur N100 as a crosslinker. 
6.1.2 Rheological tests on GA-co-BAMO 75/25 
As discussed above, Desmodur N100 is the most promising curing agent for the 
copolymer GA/BAMO 75/25; for this reason, it was selected for the preparation of 
the energetic binder and the determination of its rheological and mechanical 
properties. At the beginning, the curing of the pre-polymer was carried out without 
solid particles inside the network. The pre-polymer properties were evaluated and 
compared with those of some binders based on HTPB. 
The rate of curing of the pre-polymer was regulated by using a suitable amount of 
DBTL, so that the complex moduli G* and the phase angle δ could achieve a 
constant value in no more than 70 h; longer curing times were avoided for 
operative reasons. Because of the very low amount of DBTL required for each 
curing test, some diluted solutions of the catalyst in DOZ (Dioctyl Azelate), a 
plasticizer of HTPB, were used. 
Test GA-co-
BAMO 
(g) 
Desmodur 
N100 
(g) 
Soluz. 
DBTL in 
DOZ 
(0.13 
vol%) 
(mL) 
T 
(°C) 
phase angle 
δ=45° 
phase angle 
δ =4-5° 
 
 
 t(h) G*(Pa) t(h) G*(Pa) 
1-D 10 1.83 0.05 60 1.2 1.2E3 8 4.5E4 
2-D 10 1.83 0.05 55 3.3 8.5E2 15 4.7E4 
3-D 10 1.83 0.05 50 3.5 6.5E2 16 3.1E4 
4-D 10 1.83 0.051 45 6.8 1.5E3 34 5.2E4 
5-D 10 1.83 0.12 60 17 5.2E2 70 4.3E4 
6-D 10 1.83 0.12 65 10.9 2.2E2 60 3.5E4 
1Solution DBTL in DOZ 0.65% 
2
 Solution of DBTL in DOZ 0.013% 
Tab. 6.2- Rheological tests performed on GA/BAMO 75/25 cured by Desmodur 
N100. 
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Fig. 6.2- Rheological tests 1-D, 2-D, 3-D, 4-D. 
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Fig.6.3- Rheological tests 5-D, 6-D. 
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Usually, for binders based on HTPB the phase angle decreases during the curing 
and finally it gets a constant value lower than 10°; at the same time, the complex 
modulus G* increases to  the range of 1·104-1·105 Pa, when the pre-polymer is 
completely cross-linked. Generally, if these requirements are satisfied, the 
conditions of curing and the characteristic of the binder are considered suitable for 
its operative use in solid propellants.  
As shown in Table 6.2, the characteristics of the binder, based on the copolymer 
GA/BAMO 75/25 and Desmodur N100, resulted compatible with its specific 
application; in fact, the final values of the phase angle and G* were always in the 
range of acceptability of HTPB binders. 
6.1.3 Kinetic study of the curing. 
The curing tests 1-D, 2-D, 3-D were carried out at three different temperatures with 
the same concentration of catalyst to study the kinetic behaviour of the mixture 
GA/BAMO 75/25 and Desmodur N100 during the curing. 
The complex modulus G* increases with the concentration of the urethanic cross-
links formed by the reaction of OH end groups of the pre-polymer with the NCO 
ones of the curing agent. When the curing is complete, the rubber achieves well-
defined elastomeric properties, expressed by the constant value of G*. Thus, the 
normalized function of G*(t) is assumed to be directly proportional to the 
percentage of cross-links α(t) in the curing mixture. For this reason, the derivative 
function of G*norm(t) corresponds to the rate of curing:  
* ( )
norm
dG t d
dt dt
α
= .        (1) 
The kinetic of the cure can be represented by the following differential equation: 
 ( ) ( )d k T f
dt
α
α= ⋅         (2) 
where k(T) is the kinetic constant which depends on the temperature (T) and on the 
amount of the catalyst. The relationship between the kinetic constant and the 
temperature is represented by the Arrhenious law 
( ) 




 −
⋅=
RT
EkTk aexp0        (3) 
where k0 is a pre-exponential factor and Ea is the activation energy of the reaction 
between OH and NCO groups and R is the universal gas constant. Thus, the rate 
of curing can be described as follows: 
( ) 




 −
⋅⋅=
RT
Efk
dt
d aexp0 α
α
       (4) 
where f(α) depends on the reaction mechanism. So, the function f(α) assumes that 
the rate of  conversion is proportional to the fraction of non crosslinked material: 
( ) (1 )nf α α= −                         n≥1       (5) 
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where n is the reaction order. A more complex form of the kinetic equation 
assumes the so-called autocatalytic model, which is given by  
( )( ) 1 nmf α α α= ⋅ −               0≤m≤1, n≥1                 (6) 
where m also denotes the reaction order. [Lopez-Manchado, 2003]  
In an n-order reaction, the maximum rate of curing occurs at the beginning, when 
the concentration of reactive groups is maximum, whereas, in an autocatalytic 
reaction, the maximum rate of curing is obtained at a later stage, because the 
reaction is promoted by the same products of the reaction. 
The choice of the specific model was based on the experimental results obtained in 
some isothermal tests, which confirmed that the kinetics of the curing has an 
autocatalytic behaviour. The rate of formation of the urethanic bond achieved a 
maximum value when α was 0.3-0.4 and then it decreased to zero when the curing 
of the pre-polymer was complete (α=1); this behaviour is absolutely not compatible 
with an n-order reaction, for which the rate would have a maximum value for α=0, 
when the concentration of the reactants is maximum. 
Figure 6.4 shows the kinetic curves for the curing mixtures GA/BAMO 75/25 and 
Desmodur N100, measured under isothermal conditions (60, 55, 50 °C for tests 1-
D, 2-D, 3-D respectively, Table 3). The concentration of DBTL was 7.0·10-3wt% for 
each test. 
 
Fig.6.4- Kinetic behaviour of the curing under isothermal conditions. 
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The auto-catalytic model was selected to fit the experimental value of dG*norm(t)/dt; 
thus, the rate of reaction can be written as:  
( )* ( ) ( ) 1 nmnormdG t d K T
dt dt
α
α α= = ⋅ ⋅ − .                 
(7) 
The obtained values of K, m and n were : 
Temperature (°C) k m n 
60 0.00042940601 0.79252549 1.5643228 
55 0.00023914380 0.53831727 1.3156312 
50 0.00023498367 0.75284938 1.4377230 
Tab. 6.3- Kinetic parameters of curing of copolymer GA/BAMO 
The activation energy was calculated by plotting the logarithmic values of k against 
the reciprocal of temperature and it resulted 53.7 kJ/mole. 
6.1.4 Rheological test on GA-co-BAMO 75/25 and “simulating load”. 
The “simulating load” tests were carried out to study the rheological behaviour of 
the curing mixture when aluminium and ammonium perchlorate are replaced by 
inert elastic particles; in this way, the performances of a propellant are reproduced 
under safe conditions. The nature and the amount of each components of the 
“simulating load" (Table 6.4) were kindly suggested by AVIO technicians. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tab. 6.4-Rheological test on HTPB and simulating load. 
Such list could not be the optimum for the copolymer GA/BAMO 75/25, because of 
its chemical and physical differences from HTPB: 
• The copolymer GA/BAMO and HTPB have 1.35 and 3 OH equivalent for 
each macromolecule, respectively; for this reason the copolymer could not 
be crosslinked by IPDI (di-functional) and therefore Desmodur N100 was 
employed. 
• The copolymer GA/BAMO has a chemical composition very different from 
HTPB, because of both the presence of the azido groups in side chains 
and its polyetheric structure. Thus GA/BAMO interactions with the other 
components of the mixture (not investigated yet) are supposed to be 
Load g wt% 
HTPB (R45) 14.64 9.78 
DOZ 4.59 3.06 
Sugar 58.50 39.06 
K2SO4 29.98 20.02 
Al2O3*3H2O 40.50 27.04 
IPDI 1.44 0.96 
DBTL in DOZ 0.1% 0.10 0.07 
K54 in DOZ 50 % 0.06 0.04 
Total elastic load 128.98 86.1 
Total viscous load 20.82 13.9 
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different from those of HTPB, which has a lower polarity. For instance, 
some suitable properties of DOZ, as plasticizer for HTPB, could not be 
maintained when this polymer is replaced by GA/BAMO in the curing 
mixture. 
• K54 was not employed, because of its incompatibility with Desmodur 
N100, previously discussed. 
• The copolymer GA/BAMO has a lower molecular weight than HTPB, so the 
meshes of the GA/BAMO network will be smaller than HTPB ones, after 
the curing. Consequently, the ability of keeping the solid powder is lower 
for the copolymer than for HTPB and a material of poorer mechanical 
properties (such as the elongation at break) would be expected, if amounts 
of “simulating load”, equal to that used for HTPB’s tests, were used. 
For this last reason, the amount of the “simulating load” in GA/BAMO curing 
mixtures (Table 6.5) was decreased with respect to that in HTPB (Table 6.4).  
  
1Concentration DBTL in DOZ 0.5%v. 
Tab. 6.5- Rheological test on GA-co-BAMO 75/25 and simulating load. 
As shown in Table 6.5, the curing tests on the copolymer GA/BAMO were carried 
out by varying the total amount of “simulating load” from 80 wt% to 74 wt%; in any 
case, at the end of the curing, G* of GA/BAMO binders was always higher than that 
of HTPB. This result is probably related to the lower molecular weight of the 
copolymer GA/BAMO which leads to a higher cross-linking density. 
 
Load wt% 
 
S26-D S24-D S22-D S20-D 
GA-co-BAMO 17.2 15.9 14.6 13.3 
DOZ 5.4 5.0 4.6 4.2 
Sugar 33.5 34.4 35.3 36.3 
K2SO4 17.2 17.6 18.1 18.6 
Al2O3*3H2O 23.2 23.8 24.4 25.1 
Desmodour 
N100 
3.2 2.9 2.7 2.4 
DBTL in DOZ 
1vol% 
0.13 0.12 0.11 0.101 
Total elastic 
load 
74.0 76.0 78.0 80.0 
Total viscous 
load 
26.0 24.0 22.0 20.0 
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Fig. 6.5- Rheological behaviour of HTPB with simulating load. 
 
 
 
Fig.6.6-Rheological behaviour of GA-co-BAMO 75/25  with  simulating load. 
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6.2 Applicative characterization of a new propellant based on 
the copolymer GA/BAMO 75/25. 
6.2.1 Compatibility tests of the GA/BAMO 75/25. 
If a propellant contains a new component, the AVIO safety procedure of testing 
implies to preliminarily verify its chemical compatibility with the other components 
of the propellant. 
The compatibility tests are usually carried out according to the standard procedure 
STANAG 4147 Ed.2. Basically, they consist of mixing the copolymer GA/BAMO 
together with aluminium or ammonium perchlorate in a flask connected to a 
capillary pipe filled with mercury. In this way, the volume of gas developed by 
mixing the components, is measured. If such value is greater than 5 cm3/g, the two 
components are classified as “non compatible” and any propellant prepared by 
using those components would be similarly classified. 
In details, the copolymer GA/BAMO was mixed together with aluminium powder 
and two samples of ammonium perchlorate of different particle size. The results, 
expressed as cm3 of developed gas/ g of mixture, are summarised in the table 6.6. 
 
AP 200 µm AP 5 ÷ 11 µm Al 30 µm . 
GA/BAMO 0.036 (COMPATIBLE) 
0.030 
(COMPATIBLE) 
0.042 
(COMPATIBLE) 
Tab. 6.6. Compatibility tests on the copolymer GA/BAMO. 
In conclusion, the chemical compatibility of the azido copolymer with both the fuel 
and the oxidizer is very good, since the gas developed from the mixture is 
negligible; this result was not surprising, due to the chemical inertness between the 
azido groups of the copolymer with such components.  
6.2.2 Preparation of GA/BAMO 75/25 propellant. 
The preparation of the propellant was done at AVIO laboratories where the 
copolymer GA/BAMO 75/25 was mechanically mixed together with aluminium and 
ammonium perchlorate and cured by Desmodur N100. The ratio NCO/OH was 
fixed to 1 to calculate the relative amounts of copolymer and curing agent in this 
first mixture. 
 
 
 
 
 
Table 6.7. Composition of the GA/BAMO propellant tested at AVIO. 
The use of mechanical devices of mixing allowed to increase the total amount of 
fuel and oxidiser to values comparable to those actually used for propellants based 
on HTPB binders. Moreover, the mixer was equipped with a vacuum pump to 
obtain a homogeneous propellant without voids or bubbles. In fact, the main limit of 
the “simulating load” tests carried out in our department was related to the fact that 
Load g wt% 
GA/BAMO 75/25 24.3 13.5 
Desmodour N100 4.5 2.5 
Aluminium   32.4 18.0 
AP 118.8 66.0 
Total elastic load 151.2 84.0 
Total viscous load 28.8 16.0 
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the components of the binder were manually mixed together, thus giving a “floury” 
rubber because of the air bubbles trapped into the elastomeric network. The 
relative amounts of each component in the mixture are reported in Table 6.7. 
As discussed in Chapter 5, the copolymer GA/BAMO also contains about 11 wt% 
of oligomers which behaves like a plasticizer, because of the absence of OH end 
groups able to react with isocyanate functionalities. 
After the mixing, the propellant was completely characterized and the main results 
are reported below.  
6.2.3 Rheological analysis. 
The rheological properties of GA/BAMO propellant confirmed what expected from 
our previous studies on “simulating load” samples. Both G* and δ were included in 
their respective range of acceptability for HTPB propellants. 
 
Fig.6.7- Rheological behaviour of GA/BAMO propellant. 
6.2.4 Mechanical properties. 
The stress-strain tests were carried out at 25°C on  two JANAF specimens 
prepared from the GA/BAMO propellant mixture above. The resulting mechanical 
properties, measured by setting the deformation rate to 50 mm/min, were 
compared with the typical values of the Ariane propellant, based on HTPB binders. 
As shown in Table 6.8, the deformation of the GA/BAMO propellant is considerably 
lower than that of HTPB one; this poor performance is probably related to the low 
molecular weight of GA/BAMO chains which generate a network whose meshes 
are considerably smaller than that of HTPB binder.  
However, these mechanical tests on GA/BAMO propellant should just be 
considered as indicative, since the small scale of the batch (1/4 pint, i.e. 180gr of 
propellant) can produce some irregularities in the specimens. Such defects induce 
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the formation of breaking points, thus leading to a rubber of worse mechanical 
properties. 
 
GA/BAMO propellant 
breaking load (MPa) Deformation at break (%) Young modulus (MPa) 
0.43 6.9 7.2 
0.37 6.0 7.1. 
 
HTPB propellant 
breaking load (MPa) Deformation at break (%) Young modulus (MPa) 
0.92 39.5 7.2 
0.92 38.0 7.9. 
 
Tab. 6.8-. Comparison between mechanical properties of GA/BAMO propellant with 
Ariane one. 
For this reason, the further investigation will involve the detection of the mechanical 
properties of GA/BAMO propellants from up-scaled mixing; moreover, a decrease 
of the NCO/OH ratio could be desirable, to improve the deformation value of the 
material, since it would decrease the density of crosslinks in the binder. If these 
investigations do not lead to an improvement of the mechanical properties, the 
synthesis of a GA/BAMO copolymer of higher molecular weight will be needed. 
Finally the SHORE A hardness of the GA/BAMO propellant was investigated by 
measuring the penetration of a needle onto the surface of the propellant; the 
values measured after 15 seconds are the same for GA/BAMO propellant and 
Ariane one (62 and 63 respectively). 
6.2.5 Calorimetric analysis. 
The thermal behaviour of the GA/BAMO propellant is shown in Figure 6.8.The 
exothermic peak at 236.6°C is the ignition temperat ure of the propellant; such 
temperature is included in the range of acceptability of HTPB propellants. 
In correspondence with this peak, the DTA analysis shows a strong weight loss 
(about 6%) which is probably caused by the decomposition of the azido groups of 
the copolymer, occurring at about 240-250°C for the  un-cured, polymeric samples 
(Figure 5.11). Then, a second weight loss starts at 260°C and it is related to the 
beginning of the redox reaction between the fuel and the oxidiser. 
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Fig. 6.8- DSC and DTA analysis of the GA/BAMO propellant 
6.2.6 Burning rate analysis. 
The correlation between the burning rate and the pressure is given by : 
nv a P= ⋅           (8) 
where v is the burning rate, P is the pressure, a is a geometric factor which mainly 
depends on the temperature. The study of the correlation between the burning rate 
and the pressure is usually carried out by a Crawford bomb: the burning rates are 
measured at several pressures and finally the experimental values are fitted, in 
order to calculate the correlation burning rate/pressure of the propellant. 
As shown in Table 6.9, the burning rates of the GA/BAMO propellant are higher 
than those of Ariane 5 propellant, independently from the pressure in the bomb. 
This result was expected because of the decomposition of the azido groups, which 
are able to improve the kinetic of the burning reaction of the GA/BAMO propellant. 
Moreover, the comparison between the values of n (Table 6.9) denotes that the 
variation of the burning rate with the pressure is lower for the GA/BAMO propellant 
than for Ariane 5 one. This result is very promising, since it means that the burning 
rate of the GA/BAMO propellant is less sensitive to changes of pressure which are 
quite common inside the booster during the burning of the propellant. For this 
reason, the control of the burning rate against the time would be easier for 
propellants based on GA/BAMO binders. 
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 GA/BAMO propellant Ariane 5 propellant 
P(bar) Burning rate (mm/s) 
30 8.47 6.11 
50 9.80 7.59 
70 10.39 8.77 
 a= 3.7061 a= 1.4325 
 n= 0.2448 n= 0.4264 
 R2=0.9847 R2=1.0000 
 
Tab. 6.9.-Comparison between the burning behaviour of GA/BAMO propellant with 
Ariane 5 one. 
 
 
 
Fig. 6.9- Comparison between the burning rate of GA/BAMO propellant with Ariane 
5 one. 
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7 CONCLUSIONS 
Azido polymers represent a promising alternative to HTPB for the development of a 
new generation of “high-energy”, solid propellants. In the present work, the 
preparation of some azido pre-polymers and their first application as new 
components of energetic binders for solid, composite propellants was investigated. 
In particular, our efforts were focused on pAMMO and the copolymer GA/BAMO 
75/25 because of their suitable energetic and morphological properties. 
In a first part of the work, their syntheses were carried out on small-lab scale, to 
reduce the hazards of handling energetic materials. Still for safety reasons, the 
“polymerization-azidation” route, previously studied for the synthesis of GAP, was 
successfully extended to oxetanic backbones. In fact, both pAMMO and the 
copolymer GA/BAMO 75/25 were prepared by azidation of pTMMO and the 
copolymer ECH/BBrMO 75/25, respectively. We found that the selection of suitable 
polymeric substrates is fundamental for the outcome of the azidation, basically 
depending on the type of leaving groups in the side chains. Moreover, the choice of 
appropriate reaction media and operating conditions can speed up the kinetics of 
the reaction, thus leading to the complete azidation of the backbones in a short 
reaction time. Finally, concerning the azidation of pTMMO, a kinetic study was 
performed and the activation energy of the reaction determined. 
The presence of azido groups on the side chains is not a sufficient feature for the 
pre-polymer to be a suitable component of the energetic binders. In fact, also a low 
molecular weight and a proper concentration of OH end-groups are required to 
obtain a final rubber of suitable mechanical properties. Since azidation does not 
affect these properties, such optimizations have been done during the 
polymerization step, which was carried out under “living” conditions to have a better 
control on the properties of the pre-polymers. Unfortunately, only a partial control 
on the OH equivalent was obtained by using TFBE as catalyst, because some 
termination reactions occurred for both polymeric precursors (pTMMO and the 
copolymer ECH/BBrMO 75/25), thus leading to non-hydroxyl terminated chains. 
Actually, the reasons of this behaviour have not been completely clarified yet, but 
the type of initiator and the purity of the monomers undoubtedly have an important 
role in this context. In any case, the obtained molecular weight and the average OH 
content were in the range needed for the application of both pre-polymers as 
components of propellant mixtures. 
Concerning the copolymer ECH/BBrMO, the termination reactions of the chains led 
to about 10 wt% of oligomers, totally free of OH end-functionalities; this fact, their 
high compatibility with the copolymer and the possibility to displace the halogen 
atoms with azido groups give them interest as new energetic plasticizers. To 
control their concentration in the polymeric bulk, an extraction method with n-
hexane was successfully arranged. 
Once both the syntheses were optimized on a small lab-scale, they were 
successfully scaled up from few grams up to one kilogram, in the GA/BAMO case. 
The up-scaling leaded to azido pre-polymers whose properties were very close to 
those obtained with smaller-scale tests and this great amount of copolymer was 
used for the determination of some applicative properties of the propellant mixture. 
The results of this preliminary characterization are highly promising; in fact the new 
propellant has a rheological behaviour and some mechanical properties (like 
hardness and Young’s modulus) very close to those required for the application of 
  
 
105 
propellants based on HTPB. Moreover, the copolymer GA/BAMO should improve 
the ballistic properties of the propellant, because it has a burning rate higher than 
that of HTPB and it is less sensitive to variations of pressure inside the booster. 
The deformation at break, on the other hand, is not yet satisfying, as it is too low 
with respect to the performance granted by the HTPB-based propellants. Higher 
molecular weights should provide better mechanical performances, but too high 
molecular weights, may determine higher viscosities and could involve problems 
during the casting of the propellant mixture. For these reasons, an optimal value of 
molecular weight should be found in further experimental studies of azido poly-
oxetanes. Another possible solution could be to add to the mixture a suitable 
amount of a polymeric fraction of higher molecular weight, such as pAMMO. 
Finally, the specific/volumetric impulses of the GA/BAMO propellant are actually 
under investigation; concerning the volumetric impulse an increment in the range of 
2-7% is expected from theoretical performance calculations. 
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